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�=�†�u�h�-�1�f�;�7 �7�Œ�b�<�h�b �h�|�[�u�‹�l �r�o�Œ�m�-�m�o �o�]�u�-�m�b�1�Œ�;�m�b�- �l�o�7�;�t�o�‰�-�m�b�- �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�[�‰ �r�u�Œ�‹ �Œ�-�v�|�o�v�o�‰�-�J
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�m�b�† �-�m�-�t�o�]�b�b �7�o �o�0�‰�o�7�[�‰ �;�t�;�h�|�u�‹�1�Œ�m�‹�1�_�: ���-�v�|�<�r�m�b�; �0�-�7�-�m�o �=�o�u�l�o�‰�-�m�b�; �v�b�< �h�u�o�r�;�t �‰ �Œ�j�.�1�Œ�† �$

�1�Œ�‹ �l�;�1�_�-�m�b�Œ�l�[�‰ �†�1�b�m�-�m�b�- �b �†�m�b�;�u�†�1�_�-�l�b�-�m�b�- �h�u�o�r�t�b �‰�;�‰�m�.�|�u�Œ �r�†�j�-�r�;�h �|�m�.�1�‹�1�_�: ���- �r�o�7�v�|�-�‰�b�;

�|�‹�1�_ �0�-�7�-�O �Œ�-�o�0�v�;�u�‰�o�‰�-�m�o�7 �ó�; �h�u�o�r�t�- �l�o�ó�; �;�=�;�h�|�‹�‰�m�b�; �-�h�|�‹�‰�o�‰�-�Ç �b �7�;�Œ�-�h�|�‹�‰�o�‰�-�Ç �r�u�Œ�;�r�j�‹�‰

�=�-�Œ�‹ �1�b�.�]�j�;�f �r�u�Œ�;�Œ �0�o�1�Œ�m�. �v�Œ�1�Œ�;�t�b�m�<�: �)�v�h�†�|�;�h �|�;�]�o �o�r�u�-�1�o�‰�-�m�o �m�o�‰�; �Œ�j�.�1�Œ�; �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�o�‰�;

�‰�‹�l�†�v�Œ�-�f�.�1�; �h�b�;�u�†�m�;�h �r�u�Œ�;�r�j�‹�‰�† �h�u�o�r�;�t �7�o �f�;�7�m�;�]�o �Œ �o�0�† �‰�‹�f�Ž�Ç�: ���-�7�-�m�b�- �m�-�7 �|�‹�l �Œ�j�.�1�Œ�;�l

�r�o�h�-�Œ�-�j�‹�7 �ó�; �7�o�7�-�m�b�; �v�Œ�1�Œ�;�t�b�m�‹ �7�o �u�o�Œ�‰�b�7�t�;�m�b�- �h�-�m�-�j�[�‰ �†�l�o�ó�t�b�‰�b�- �h�o�m�|�u�o�t�< �r�u�Œ�;�r�j�‹�‰�† �h�u�o�r�;�t �‰

�r�<�|�t�-�1�_ �t�†�0 �0�-�u�7�Œ�b�;�f �Œ�j�o�ó�o�m�‹�1�_ �v�b�;�1�b�-�1�_�:

���-�7�-�m�b�- �Œ�‰�b�.�Œ�-�m�; �Œ �t�o�]�b�h�. �v�;�h�‰�;�m�1�‹�f�m�. �r�o�h�-�Œ�†�f�.�7 �ó�; �‰ �†�h�j�-�7�-�1�_ �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�o�‰�‹�1�_

�l�o�ó�m�- �0�†�7�o�‰�-�Ç �‰ �v�Œ�;�u�o�h�b�l �Œ�-�h�u�;�v�b�; �†�h�j�-�7�‹ �‰�‹�h�-�Œ�†�f�.�1�; �|�Œ�‰�: �v�|�-�m �‰�;�‰�m�<�|�u�Œ�m�‹�: ���u�Œ�;�v�Œ�h�o�7�‹

�7�o�7�-�f�. �7�o �†�h�j�-�7�[�‰ �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�o�‰�‹�1�_ �Œ�7�o�t�m�o�Ž�Ç �0�t�o�h�o�‰�-�m�b�- �h�u�o�r�;�t �‰ �‰�‹�Œ�m�-�1�Œ�o�m�‹�l �l�b�;�f�J

�v�1�†�7 �f�;�Ž�t�b �b�v�|�m�b�;�f�; �†�f�Ž�1�b�; �7�t�- �r�u�Œ�;�r�j�‹�‰�† �o�t�;�f�†�: ���-�v�|�<�r�m�b�;�7 �b�m�m�; �h�u�o�r�t�; �l�o�]�. �‰�‹�Œ�‰�-�t�-�Ç �|�; �h�u�o�r�t�;�7

�f�;�Ž�t�b �h�u�o�r�t�- �‰�‹�Œ�‰�-�t�-�f�.�1�- �r�u�Œ�‹�0�t�o�h�†�f�; �o�0�;�f�Ž�1�b�; �o�t�;�f�†�: �$�;�m �r�u�o�v�|�‹ �l�;�1�_�-�m�b�Œ�l�7 �‰ �r�o�j�.�1�Œ�;�m�b�† �Œ �‰�‹�J

�m�-�t�;�Œ�b�o�m�‹�l �Œ�j�.�1�Œ�;�l�7 �7�-�f�; �v�Œ�;�u�;�] �]�;�o�l�;�|�u�b�b �t�o�]�b�h�b �v�;�h�‰�;�m�1�‹�f�m�;�f�9 �o�7 �r�u�o�v�|�‹�1�_ �r�u�Œ�;�u�Œ�†�|�m�b�h�[�‰�7 �r�<�J

�|�t�b �0�b�l�o�7�-�t�m�‹�1�_ �7�o �t�b�1�Œ�m�b�h�[�‰ �r�b�;�u�Ž�1�b�;�m�b�o�‰�‹�1�_�: ���1�_ �j�-�|�‰�- �b�m�|�;�]�u�-�1�f�- �‰ �h�-�v�h�-�7�Œ�b�; �7�o �‰�b�<�h�v�Œ�‹�1�_

�Œ�;�v�r�o�j�[�‰ �‰ �‰�‹�m�b�h�† �7�-�f�; �t�b�1�Œ�m�b�h�b �0�b�m�-�u�m�; �t�†�0 �7�Œ�b�;�v�b�<�|�m�;�: ���u�Œ�;�7�v�|�-�‰�b�o�m�; �0�-�7�-�m�b�- �r�o�h�-�Œ�†�f�. �l�o�ó�J

�t�b�‰�o�Ž�Ç �v�‹�m�1�_�u�o�m�b�Œ�-�1�f�b�7 �r�;�u�l�†�|�-�1�f�b �b �v�-�l�o �Œ�t�b�1�Œ�-�m�b�- �t�†�0 �7�;�1�‹�l�-�1�f�b �h�u�o�r�;�t�: �	�Œ�b�<�h�b �0�-�7�-�m�b�o�l �|�;

�o�r�;�u�-�1�f�; �l�o�ó�m�- �o�v�b�.�]�m�.�Ç �m�- �r�o�7�v�|�-�‰�b�; �†�l�b�;�f�<�|�m�b�; �‰�‹�h�o�u�Œ�‹�v�|�-�m�‹�1�_ �v�Œ�1�Œ�;�t�b�m �b �r�u�Œ�;�v�Œ�h�[�7�:

���o�7�1�Œ�-�v �0�-�7�-�O �m�-�7 �r�†�j�-�r�h�. �|�m�.�1�. �-�†�|�o�u �Œ�-�o�0�v�;�u�‰�o�‰�-�j�7 �ó�; �l�o�ó�t�b�‰�; �f�;�v�| �|�‰�o�u�Œ�;�m�b�; �h�u�o�J

�r�;�t �0�;�Œ�r�o�Ž�u�;�7�m�b�o �‰ �h�-�m�-�t�; �7�o�r�u�o�‰�-�7�Œ�-�f�.�1�‹�l �=�-�Œ�< �h�u�o�r�t�o�‰�.�7 �f�;�Ž�t�b �r�†�j�-�r�h�- �7�o�Œ�†�f�.�1�- �Œ�o�v�|�-�m�b�;

�†�l�b�;�v�Œ�1�Œ�o�m�- �‰�;�‰�m�.�|�u�Œ �|�;�]�o �h�-�m�-�j�†�: �&�v�r�u�-�‰�m�b�j�o �|�o �l�;�|�o�7�< �=�o�u�l�o�‰�-�m�b�- �h�u�o�r�;�t �‰�;�‰�m�.�|�u�Œ �†�u�Œ�.�J

�7�Œ�;�m�b�- �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�o�‰�;�]�o �b �o�|�‰�o�u�Œ�‹�j�o �l�o�ó�t�b�‰�o�Ž�Ç �v�|�‰�o�u�Œ�;�m�b�- �-�u�1�_�b�|�;�h�|�†�u�‹ �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�o�J

�‰�;�f �7�o �;�=�;�h�|�‹�‰�m�;�]�o �h�o�m�7�‹�1�f�o�m�o�‰�-�m�b�- �Œ�-�‰�-�u�|�o�Ž�1�b �h�u�o�r�;�t�: �"�Œ�;�u�;�]�o�‰�; �r�o�j�.�1�Œ�;�m�b�; �r�†�j�-�r�h�b �|�m�.�1�;�f

�b �r�†�j�-�r�h�b �j�.�1�Œ�.�1�;�f �r�o�h�-�Œ�-�j�o�7 �ó�; �r�u�o�v�|�; �o�r�;�u�-�1�f�; �m�- �h�u�o�r�;�t�h�-�1�_ �‰�‹�h�o�m�‹�‰�-�m�; �‰�b�;�t�o�h�u�o�|�m�b�;�7 �f�-�h

�j�.�1�Œ�;�m�b�;�7 �l�b�;�v�Œ�-�m�b�; �b �u�o�Œ�7�Œ�b�;�t�-�m�b�; �h�u�o�r�;�t�7 �l�o�]�. �v�h�†�|�;�1�Œ�m�b�; �Œ�l�b�;�m�b�-�Ç �Œ�-�‰�-�u�|�o�Ž�Ç �h�u�o�r�;�t �r�u�Œ�‹ �Œ�-�J

�1�_�o�‰�-�m�b�† �b�1�_ �Œ�m�o�u�l�-�t�b�Œ�o�‰�-�m�;�]�o �u�o�Œ�l�b�-�u�†�: ���o�ó�t�b�‰�o�Ž�Ç �]�;�m�;�u�o�‰�-�m�b�- �h�u�o�r�;�t �o �7�o�‰�o�t�m�‹�1�_ �v�|�<�ó�;�J

�m�b�-�1�_ �†�Œ�‹�v�h�-�m�o �r�o�r�u�Œ�;�Œ �‰�‹�h�o�u�Œ�‹�v�|�-�m�b�; �o�7�r�o�‰�b�;�7�m�b�;�]�o �-�t�]�o�u�‹�|�l�†�7 �r�o�7�o�0�m�;�]�o �7�o �Œ�m�-�m�;�]�o �‰

�b�m�=�o�u�l�-�|�‹�1�; �‰�‹�v�Œ�†�h�b�‰�-�m�b�- �0�b�m�-�u�m�;�]�o�:

���-�7�-�m�b�- �l�-�f�. �1�_�-�u�-�h�|�;�u �;�h�v�r�;�u�‹�l�;�m�|�-�t�m�‹ �b �r�o�t�;�]�-�f�. �]�j�[�‰�m�b�; �m�- �o�0�v�;�u�‰�-�1�f�b �h�b�m�;�|�‹�h�b �h�u�o�r�;�t

�b �b�1�_ �b�m�|�;�u�-�h�1�f�b �Œ �‰�‹�|�‰�o�u�Œ�o�m�‹�l�b �]�;�o�l�;�|�u�b�-�l�b �†�u�Œ�.�7�Œ�;�O �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�o�‰�‹�1�_ �‰ �h�o�m�|�u�o�t�o�‰�-�m�‹�1�_

�‰�-�u�†�m�h�-�1�_ �Œ �‰�‹�h�o�u�Œ�‹�v�|�-�m�b�;�l �Œ�m�-�m�‹�1�_ �1�b�;�1�Œ�‹ �r�o�7 �‰�Œ�]�t�<�7�;�l �b�1�_ �‰�j�-�Ž�1�b�‰�o�Ž�1�b �C�Œ�‹�h�o�1�_�;�l�b�1�Œ�m�‹�1�_�:

�&�Œ�‹�v�h�-�m�b�; �‰�‹�m�b�h�[�‰ �‰�‹�l�-�]�-�j�o �Œ�0�†�7�o�‰�-�m�b�- �Œ�-�†�|�o�l�-�|�‹�Œ�o�‰�-�m�;�]�o �v�|�-�m�o�‰�b�v�h�- �;�h�v�r�;�u�‹�l�;�m�|�-�t�J

�m�;�]�o�7 �Œ�-�r�u�o�f�;�h�|�o�‰�-�m�b�- �b �‰�‹�h�o�m�-�m�b�- �r�u�o�|�o�|�‹�r�[�‰ �o�u�-�Œ �7�o�h�o�m�-�m�b�† �-�m�-�t�b�Œ�‹ �7�-�m�‹�1�_ �r�o �r�u�Œ�;�r�u�o�‰�-�J

�7�Œ�;�m�b�† �v�Œ�;�u�;�]�† �;�h�v�r�;�u�‹�l�;�m�|�[�‰�: �	�o �‰�‹�h�o�m�-�m�b�- �r�u�o�|�o�|�‹�r�[�‰ �‰�‹�h�o�u�Œ�‹�v�|�-�m�o �|�;�1�_�m�b�h�< �l�b�h�u�o�=�u�;�Œ�o�J

�‰�-�m�b�- �m�- �r�j�‹�|�-�1�_ �r�o�t�b�‰�<�]�t�-�m�o�‰�‹�1�_�: ���o�O�1�o�‰�; �‰�‹�m�b�h�b �0�-�7�-�O �r�o�h�-�Œ�†�f�.�7 �ó�; �7�Œ�b�<�h�b �o�7�r�o�‰�b�;�7�m�b�;�f

�h�o�l�0�b�m�-�1�f�b �]�;�o�l�;�|�u�b�b �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�o�‰�‹�1�_ �u�;�-�t�b�Œ�†�f�.�1�‹�1�_ �o�h�u�;�Ž�t�o�m�; �=�†�m�h�1�f�; �o�u�-�Œ �†�l�b�;�f�<�|�m�;�l�†

�v�|�;�u�o�‰�-�m�b�† �r�o�l�r�-�l�b �l�o�ó�t�b�‰�; �f�;�v�| �‰�‹�h�o�m�‹�‰�-�m�b�; �Œ�j�o�ó�o�m�‹�1�_ �l�-�m�b�r�†�t�-�1�f�b �h�u�o�r�;�t�h�-�l�b �‰�;�‰�m�.�|�u�Œ

�†�h�j�-�7�[�‰ �l�b�h�u�o�r�u�Œ�;�r�j�‹�‰�o�‰�‹�1�_ �r�u�Œ�‹ �f�;�7�m�o�1�Œ�;�v�m�‹�l �Œ�l�m�b�;�f�v�Œ�;�m�b�† �t�b�1�Œ�0�‹ �h�o�l�r�o�m�;�m�|�[�‰�:
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 �‰�-�v �|�_�; �7�;�|�;�u�l�b�m�-�¢�o�m �o�= �|�_�; �t�b�l�b�|�v
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�-�m�7 �-�1�¢�ˆ�-�|�; �Y�o�‰ �b�m �|�_�; �0�‹�r�-�v�v �v�t�b�|�v�: �$�_�; �;�Š�r�;�u�b�l�;�m�|�v �r�;�u�=�o�u�l�;�7 �o�m �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r �u�;�ˆ�;�-�t�;�7
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0.00s

0.24s

0.48s

0.72s

0.96s

1.20s

1.44s

1.68s

0.75 mL/h

�
�b�]�†�u�; �•�9 �"�m�-�r�v�_�o�|�v �o�= �|�_�; �;�Š�r�;�u�b�l�;�m�| �‰�b�|�_ �- �t�o�m�] �7�u�o�r�t�;�| �=�u�o�l ���u�¢�1�t�;�� �: �$�_�; �7�u�o�r�t�;�| �r�u�;�J
�ˆ�b�o�†�v�t�‹ �=�o�u�l�;�7 �b�m �|�_�; �$�J�f�†�m�1�¢�o�m �Y�o�‰�v �|�o�‰�-�u�7 �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r�7 �r�†�v�_�;�7 �0�‹ �|�_�; �1�o�m�¢�m�†�o�†�v
�r�_�-�v�;�: �$�_�;�u�;�7 �b�| �b�v �1�†�| �|�o �- �t�;�m�]�|�_ �1�o�u�u�;�v�r�o�m�7�b�m�] �|�o �|�_�; �v�b�Œ�; �o�= �|�_�b�v �|�u�-�r �-�m�7 �|�_�;�m �b�l�l�o�0�b�t�b�Œ�;�7�:
�� �u�;�7�†�m�7�-�m�| �7�u�o�r�t�;�| �b�v �=�o�u�l�;�7 �-�m�7 �1�o�m�¢�m�†�;�v �|�o �Y�o�‰�: ���u�¢�1�t�;�� �r�u�;�v�;�m�|�v �|�_�; �;�Š�r�;�u�b�l�;�m�| �b�m
�]�u�;�-�|�;�u �7�;�|�-�b�t�7 �-�m�7 �|�_�; �7�u�o�r�t�;�| �=�o�u�l�-�¢�o�m �b�v �7�b�ˆ�b�7�;�7 �b�m�|�o �1�o�u�u�;�v�r�o�m�7�b�m�] �v�|�-�]�;�v�:

�|�_�-�| �;�m�|�u�-�m�1�; �o�= �|�_�; �=�u�o�m�| �o�= �|�_�; �7�u�o�r�t�;�| �|�o �|�_�; �|�u�-�r �1�o�†�t�7 �;�@�;�1�¢�ˆ�;�t�‹ �0�t�o�1�h �|�_�; �1�o�m�¢�m�†�o�†�v �r�_�-�v�;

�Y�o�‰ �b�m �0�‹�r�-�v�v �v�t�b�|�v �†�m�¢�t �|�_�; �0�-�1�h �o�= �|�_�; �7�u�o�r�t�;�| �u�;�o�r�;�m�;�7 �|�_�; �0�‹�r�-�v�v�: �$�_�;�u�;�=�o�u�;�7 �|�_�; �b�m�t�;�| �-�m�7

�o�†�|�t�;�| �1�o�†�t�7 �0�; �7�;�C�m�;�7 �-�v �|�_�; �v�|�-�u�| �-�m�7 �;�m�7 �o�= �|�_�; �0�‹�r�-�v�v�7 �u�;�v�r�;�1�¢�ˆ�;�t�‹�: ���t�o�1�h�b�m�] �‰�-�v �;�L�1�b�;�m�|

�7�;�v�r�b�|�; �|�_�; �r�u�;�v�;�m�1�; �o�= �]�†�‚�;�u�v �b�m �1�_�-�m�m�;�t�v �‰�b�|�_ �u�;�1�|�-�m�]�†�t�-�u �1�u�o�v�v�J�v�;�1�¢�o�m�v�: ���;�-�v�†�u�;�l�;�m�|�v

�o�= �|�_�; �_�‹�7�u�-�†�t�b�1 �u�;�v�b�v�|�-�m�1�; �o�= �|�_�; �b�m�7�b�ˆ�b�7�†�-�t �1�o�l�r�o�m�;�m�|�v �v�_�o�‰�;�7 �|�_�-�| �-�m �o�0�v�|�-�1�t�; �v�b�]�m�b�C�1�-�m�|�t�‹

�b�m�1�u�;�-�v�;�7 �|�_�; �_�‹�7�u�-�†�t�b�1 �u�;�v�b�v�|�-�m�1�; �o�= �- �1�_�-�m�m�;�t�: ���v �;�Š�r�;�1�|�;�7�7 �|�_�; �0�‹�r�-�v�v �v�t�b�| �7�;�1�u�;�-�v�;�7 �|�_�;

�u�;�v�b�v�|�-�m�1�;�: ���o�‰�;�ˆ�;�u�7 �b�|�v �b�m�Y�†�;�m�1�; �o�m �_�‹�7�u�-�†�t�b�1 �u�;�v�b�v�|�-�m�1�; �‰�-�v �m�;�]�t�b�]�b�0�t�;�: ���m �|�_�; �v�b�m�]�t�;�J�r�_�-�v�;

�Y�o�‰ �1�-�v�;�7 �r�-�u�¢�1�t�; �b�l�-�]�; �ˆ�;�t�o�1�b�l�;�|�u�‹ �l�;�-�v�†�u�;�l�;�m�|�v �u�;�ˆ�;�-�t�;�7 �|�_�-�| �0�‹�r�-�v�v �v�t�b�|�v �‰�;�-�h�t�‹ �-�@�;�1�|�;�7

�|�_�; �7�b�v�|�u�b�0�†�¢�o�m �o�= �Y�o�‰�v�: �$�_�; �b�l�r�o�u�|�-�m�1�; �o�= �|�_�; �v�t�b�| �‰�-�v �o�m�t�‹ �m�o�¢�1�;�7 �‰�_�;�m �|�_�; �7�u�o�r�t�;�| �Y�o�‰�;�7

�b�m �b�|�v �b�l�l�;�7�b�-�|�; �ˆ�b�1�b�m�b�|�‹�: ���v �- �u�;�v�†�t�|�7 �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r �_�-�7 �|�‰�o �v�|�-�¢�1 �_�‹�7�u�-�†�t�b�1 �u�;�v�b�v�|�-�m�1�;�v�7 �-

�7�;�=�-�†�t�| �t�o�‰�;�u �o�m�; �‰�_�;�m �;�l�r�|�‹ �-�m�7 �- �_�b�]�_�;�u �o�m�; �‰�_�;�m �b�| �_�-�7 �|�u�-�r�r�;�7 �7�u�o�r�t�;�|�v�: �$�_�;�v�; �u�;�v�†�t�|�v

�-�u�; �u�;�t�;�ˆ�-�m�| �|�o �|�_�; �7�;�v�b�]�m �o�= �1�o�l�r�t�;�Š �l�b�1�u�o�Y�†�b�7�b�1 �m�;�|�‰�o�u�h�v�7 �b�m �‰�_�b�1�_ �7�u�o�r�t�;�| �1�o�m�|�u�o�t �b�m�ˆ�o�t�ˆ�;�v

�0�t�o�1�h�b�m�] �|�_�; �Y�o�‰ �|�_�u�o�†�]�_ �7�u�o�r�t�;�|�v �|�_�-�| �;�m�1�o�†�m�|�;�u �o�0�v�|�-�1�t�;�v�:
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�‚�:�• �	�;�ˆ�;�t�o�r�l�;�m�| �-�m�7 �b�m�ˆ�;�v�¢�]�-�¢�o�m�v �o�= �m�;�‰ �l�b�1�u�o�Y�†�b�7�b�1 �]�;�o�l�;�|�u�b�;�v

�‚�:�•�:�~ �	�u�o�r�t�;�| �o�m�J�7�;�l�-�m�7 �l�;�|�_�o�7 �b�m �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r

���-�v�;�7 �o�m �u�;�v�;�-�u�1�_ �o�m �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r �b�m ���u�¢�1�t�;�� �7 �� �b�m�ˆ�;�m�|�;�7 �- �m�;�‰ �l�;�|�_�o�7 �|�o �]�;�m�;�u�-�|�;

�v�b�m�]�t�; �7�u�o�r�t�;�|�v �o�m �7�;�l�-�m�7�: ���v �� �_�-�7 �t�;�-�u�m�;�7 �=�u�o�l �|�_�; �r�u�;�ˆ�b�o�†�v �o�0�v�;�u�ˆ�-�¢�o�m�v�7 �- �l�;�|�;�u�b�m�] �|�u�-�r

�1�†�|�v �- �7�u�o�r�t�;�| �b�= �- �t�o�m�] �7�u�o�r�t�;�| �;�m�|�;�u�v �|�_�; �|�u�-�r �=�u�o�l �|�_�; �o�0�v�|�-�1�t�;�J�t�;�v�v �v�b�7�;�: ���o�‰�;�ˆ�;�u�7 �b�| �7�o�;�v �m�o�|

�-�@�;�1�| �|�_�; �7�u�o�r�t�;�| �=�o�u �u�;�ˆ�;�u�v�;�7 �Y�o�‰�7 �|�_�-�| �b�v�7 �b�= �- �7�u�o�r�t�;�| �;�m�|�;�u�v �|�_�; �]�;�o�l�;�|�u�‹ �=�u�o�l �|�_�; �v�b�7�; �‰�b�|�_

�|�_�; �o�0�v�|�-�1�t�;�: ���m�o�‰�b�m�] �|�_�b�v �r�u�o�r�;�u�|�‹�7 �� �7�;�ˆ�b�v�;�7 �- �l�;�|�_�o�7 �o�= �]�;�m�;�u�-�¢�m�] �7�u�o�r�t�;�|�v �7�b�u�;�1�|�t�‹ �b�m �- �l�;�J

�|�;�u�b�m�] �|�u�-�r �1�o�m�m�;�1�|�;�7 �|�o �- �1�o�m�|�u�o�t�t�-�0�t�; �v�o�†�u�1�; �P�-�t�t�o�‰�b�m�] �|�_�; �7�u�o�r�t�;�| �r�_�-�v�;�v �|�o �l�o�ˆ�; �=�o�u�‰�-�u�7

�-�m�7 �0�-�1�h�‰�-�u�7�Q�: �$�_�; �=�o�u�l�-�¢�o�m �o�= �|�_�; �7�u�o�r�t�;�| �-�m�7 �b�|�v �;�f�;�1�¢�o�m �b�m�|�o �|�_�; �u�;�v�| �o�= �|�_�; �l�b�1�u�o�Y�†�b�7�b�1

�v�‹�v�|�;�l �u�;�t�†�b�u�; �- �v�;�t�†�;�m�1�; �o�= �r�†�v�_�b�m�]�7 �r�†�t�t�b�m�]�7 �-�m�7 �r�†�v�_�b�m�] �-�]�-�b�m �o�= �|�_�; �7�u�o�r�t�;�| �r�_�-�v�;�: �$�_�b�v

�l�;�|�_�o�7 �b�v �r�u�;�v�;�m�|�;�7 �b�m ���u�¢�1�t�;�	 �7 �-�t�o�m�] �‰�b�|�_ �1�o�m�7�b�¢�o�m�b�m�] �1�o�m�1�;�m�|�u�-�¢�o�m �-�u�1�_�b�|�;�1�|�†�u�;�: ���;�m�;�u�-�|�J

�b�m�] �7�u�o�r�t�;�|�v �b�m �|�_�b�v �‰�-�‹ �b�v �l�†�1�_ �l�o�u�; �ˆ�;�u�v�-�¢�t�; �-�m�7 �1�o�†�t�7 �-�r�r�t�‹ �|�o �l�-�m�‹ �o�|�_�;�u �-�r�r�t�b�1�-�¢�o�m�v �-�v

�- �]�;�m�;�u�-�t �7�u�o�r�t�;�| �=�o�u�l�-�¢�o�m �l�;�|�_�o�7�: �$�_�; �1�u�b�¢�1�-�t �b�v�v�†�; �b�v �|�_�; �o�u�b�;�m�|�-�¢�o�m �o�= �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r�8

�|�_�; �v�b�7�; �‰�b�|�_ �-�m �o�0�v�|�-�1�t�; �b�v �7�b�u�;�1�|�;�7 �|�o�‰�-�u�7 �|�_�; �b�m�r�†�| �o�= �|�_�; �7�u�o�r�t�;�| �r�_�-�v�;�: �
�b�]�†�u�;�‚ �r�u�;�v�;�m�|�v

�|�_�; �7�b�u�;�1�¢�o�m �o�= �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r �b�m �|�_�; �1�_�-�m�m�;�t �|�_�-�| �7�;�t�b�ˆ�;�u�v �|�_�; �7�u�o�r�t�;�| �r�_�-�v�;�:

0.00s 0.92s 1.59s 1.88s 1.94s 2.38s

2.90s 3.05s 3.63s 4.64s 5.37s 6.88s

�
�b�]�†�u�; �‚�9 �	�u�o�r�t�;�| �=�o�u�l�-�¢�o�m �b�m �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r �0�‹ �r�†�t�t�b�m�] �|�_�; �7�u�o�r�t�;�| �r�_�-�v�;�: �$�_�; �v�;�1�¢�o�m �b�m
�‰�_�b�1�_ �|�_�; �7�u�o�r�t�;�| �r�_�-�v�; �Y�o�‰�v �=�o�u�‰�-�u�7 �|�_�u�o�†�]�_ �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r �_�-�v �0�;�;�m �o�l�b�‚�;�7�:
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�	�u�o�r�t�;�| �]�;�m�;�u�-�¢�o�m �0�;�]�b�m�v �0�‹ �v�‰�b�|�1�_�b�m�] �o�m �|�_�; �Y�o�‰ �o�= �|�_�; �7�u�o�r�t�;�| �r�_�-�v�; �b�m �|�_�; �7�b�u�;�1�¢�o�m

�o�= �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r�: �)�_�;�m �|�_�; �7�u�o�r�t�;�| �r�_�-�v�; �r�-�v�v�;�v �|�_�u�o�†�]�_ �|�_�; �o�0�v�|�-�1�t�;�7 �1�;�u�|�-�b�m �1�o�m�7�b�¢�o�m�v

�l�†�v�| �0�; �l�;�| �b�= �|�_�;�u�; �b�v �- �1�o�-�t�;�v�1�;�m�1�; �r�u�o�0�t�;�l�8 �=�o�u �;�Š�-�l�r�t�;�7 �|�_�; �7�u�o�r�t�;�| �r�_�-�v�; �Y�o�‰ �u�-�|�; �v�_�o�†�t�7

�m�o�| �0�; �|�o�o �t�o�‰�7 �o�u �-�m �-�t�|�;�u�m�-�¢�m�] �;�t�;�1�|�u�b�1 �C�;�t�7 �v�_�o�†�t�7 �0�; �r�u�;�v�;�m�|�: ���|�_�;�u�‰�b�v�;�7 �|�_�; �v�‹�v�|�;�l�=�v �0�;�J

�_�-�ˆ�b�o�u �1�-�m �u�;�v�;�l�0�t�; �|�_�; �v�|�;�r�J�;�l�†�t�v�b�C�1�-�¢�o�m �l�;�|�_�o�7�7 �]�;�m�;�u�-�¢�m�] �- �l�-�v�v �o�= �¢�m�‹ �7�u�o�r�t�;�|�v�: ���m�1�;

�- �|�u�-�r �_�-�v �0�;�;�m �t�o�-�7�;�7 �P�|�_�; �7�u�o�r�t�;�| �r�_�-�v�; �1�-�m �C�t�t �b�| �‰�b�|�_ �;�Š�1�;�v�v�8 �|�_�; �C�u�v�| �v�m�-�r�v�_�o�| �b�m �
�b�]�†�u�;

�‚ �r�u�;�v�;�m�|�v �|�_�b�v �v�|�-�|�;�Q�7 �|�_�; �r�†�l�r �b�v �v�‰�b�|�1�_�;�7 �|�o �|�_�; �u�;�ˆ�;�u�v�;�7 �Y�o�‰�7 �-�m�7 �|�_�; �¢�r �o�= �|�_�; �7�u�o�r�t�;�|

�r�_�-�v�; �l�o�ˆ�;�v �0�-�1�h �|�o�‰�-�u�7 �|�_�; �|�u�-�r�: �$�_�; �¢�r �1�-�m �0�; �v�;�;�m �_�;�u�; �-�v �|�_�; �u�;�-�u �o�= �|�_�; �ˆ�;�u�‹ �t�o�m�] �7�u�o�J

�r�t�;�|�: �$�_�; �l�;�1�_�-�m�b�v�l �b�v �-�m�-�t�o�]�o�†�v �|�o �|�_�; �1�-�v�; �o�= �|�_�; �t�o�m�] �7�u�o�r�t�;�| �v�|�†�7�b�;�7 �b�m ���u�¢�1�t�;�� �9 ���m�1�; �|�_�;

�¢�r �u�;�-�1�_�;�v �|�_�; �r�o�v�b�¢�o�m �-�| �‰�_�b�1�_ �b�| �o�r�;�m�v �|�_�; �b�m�t�;�|�v �|�o �|�_�; �0�‹�r�-�v�v �v�t�b�|�v�7 �|�_�; �r�o�u�¢�o�m �o�= �- �7�u�o�r�t�;�|

�r�_�-�v�; �b�v �l�;�|�;�u�;�7 �-�m�7 �b�l�l�o�0�b�t�b�Œ�;�7 �b�m �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r�:

�$�_�†�v�7 �|�_�; �v�;�t�†�;�m�1�; �o�= �r�†�l�r �o�r�;�u�-�¢�o�m �7�;�v�1�u�b�0�;�7 �-�0�o�ˆ�; �K �C�u�v�|�7 �=�o�u�‰�-�u�7 �r�†�l�r�b�m�] �-�m�7 �|�_�;�m

�u�;�ˆ�;�u�v�b�m�] �|�_�; �Y�o�‰ �K �u�;�v�†�t�|�v �b�m �7�;�|�-�1�_�b�m�] �|�_�; �7�;�C�m�;�7 �ˆ�o�t�†�l�; �o�= �|�_�; �7�u�o�r�t�;�| �r�_�-�v�; �|�o �=�o�u�l �- �m�;�‰

�7�u�o�r�t�;�|�: �$�_�; �1�o�m�¢�m�†�-�¢�o�m �o�= �|�_�; �‰�b�|�_�7�u�-�‰�-�t �b�m�1�u�;�-�v�;�v �|�_�; �7�b�v�|�-�m�1�; �0�;�|�‰�;�;�m �|�_�; �=�u�;�v�_�t�‹ �1�u�;�-�|�;�7

�7�u�o�r�t�;�| �-�m�7 �|�_�; �m�;�‰ �¢�r �o�= �|�_�; �7�u�o�r�t�;�| �r�_�-�v�;�: �$�_�b�v �7�b�v�|�-�m�1�; �_�;�t�r�v �7�b�v�r�t�-�1�; �- �m�;�‰ �7�u�o�r�t�;�| �=�u�o�l

�|�_�; �]�;�m�;�u�-�¢�o�m �†�m�b�| �|�o �|�_�; �u�;�v�| �o�= �|�_�; �l�b�1�u�o�Y�†�b�7�b�1 �m�;�|�‰�o�u�h �-�[�;�u �u�;�-�r�r�t�b�1�-�¢�o�m �o�= �|�_�; �=�o�u�‰�-�u�7

�Y�o�‰ �b�m �|�_�; �m�;�Š�| �7�u�o�r�t�;�| �=�o�u�l�-�¢�o�m �1�‹�1�t�;�: ���m �-�7�7�b�¢�o�m�7 �� �-�7�7�;�7 �- �1�_�-�m�m�;�t �‰�b�7�;�m�b�m�] �b�l�l�;�7�b�-�|�;�t�‹

�0�;�=�o�u�; �|�_�; �o�0�v�|�-�1�t�;�: �$�_�b�v �v�o�t�†�¢�o�m �r�u�;�ˆ�;�m�|�v �]�;�m�;�u�-�¢�o�m �o�= �;�Š�1�;�v�v �7�u�o�r�t�;�|�v �b�m �|�_�; �r�†�t�t�b�m�] �v�|�-�]�;�:

�)�b�|�_�o�†�| �l�o�7�b�C�1�-�¢�o�m�7 �|�_�; �;�Š�1�;�v�v �7�u�o�r�t�;�|�v �1�o�†�t�7 �b�m�|�;�u�=�;�u�; �‰�b�|�_ �v�†�1�1�;�v�v�b�ˆ�; �7�u�o�r�t�;�|�J�]�;�m�;�u�-�¢�m�]

�1�‹�1�t�;�v�:

�$�_�; �7�u�o�r�t�;�|�J�o�m�J�7�;�l�-�m�7 �l�o�7�†�t�; �r�u�;�v�;�m�|�;�7 �_�;�u�; �†�¢�t�b�Œ�;�7 �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r�7 �‰�_�b�1�_ �_�-�7

�0�;�;�m �r�†�0�t�b�v�_�;�7 �r�u�;�ˆ�b�o�†�v�t�‹�: ���o�‰�;�ˆ�;�u�7 �l�‹ �-�7�7�b�¢�o�m �|�o �7�;�ˆ�;�t�o�r�b�m�] �|�_�b�v �7�;�ˆ�b�1�; �‰�-�v �|�_�; �v�r�;�1�b�C�1

�r�t�-�1�;�l�;�m�| �b�m �|�_�; �1�_�-�m�m�;�t�7 �|�_�; �7�;�ˆ�;�t�o�r�l�;�m�| �o�= �|�_�; �Y�o�‰ �v�;�t�†�;�m�1�;�7 �-�m�7 �|�_�; �-�7�7�b�¢�o�m �o�= �|�_�;

�‰�b�7�;�m�b�m�] �-�u�;�- �|�o �r�u�;�v�;�u�ˆ�; �|�_�; �1�o�m�¢�m�†�b�|�‹ �o�= �|�_�; �7�u�o�r�t�;�| �r�_�-�v�;�: ���o�l�0�b�m�b�m�] �-�t�t �o�= �|�_�;�v�; �v�|�u�-�|�;�J

�]�b�;�v �‹�b�;�t�7�;�7 �- �m�o�ˆ�;�t �l�;�|�_�o�7 �o�= �]�;�m�;�u�-�¢�m�] �7�u�o�r�t�;�|�v�: �$�_�b�v �l�;�|�_�o�7 �o�@�;�u�v �m�†�l�;�u�o�†�v �-�7�ˆ�-�m�|�-�]�;�v�7

�b�m�1�t�†�7�b�m�] �|�_�; �t�-�1�h �o�= �1�u�;�-�¢�o�m �o�= �u�;�7�†�m�7�-�m�| �7�u�o�r�t�;�|�v�7 �‰�_�b�1�_ �_�-�v �0�;�;�m �m�o�|�;�7 �b�m �r�u�;�ˆ�b�o�†�v �r�†�0�J

�t�b�1�-�¢�o�m�v �†�v�b�m�] �|�_�b�v �|�u�-�r�: ���m�t�‹ �o�m�; �r�†�l�r �b�v �u�;�t�†�b�u�;�7 �|�o �1�u�;�-�|�; �7�u�o�r�t�;�|�v �‰�b�|�_ �- �†�m�b�C�;�7 �t�;�m�]�|�_�7

�7�;�|�;�u�l�b�m�;�7 �l�-�b�m�t�‹ �0�‹ �|�_�; �|�u�-�r �v�b�Œ�;�: �$�_�; �-�1�1�†�u�-�1�‹ �-�m�7 �u�;�r�;�-�|�-�0�b�t�b�|�‹ �o�= �|�_�; �7�u�o�r�t�;�|�v �1�u�;�-�|�;�7 �-�u�;

�ˆ�;�u�‹ �_�b�]�_�: �� �0�†�b�t�| �- �l�b�1�u�o�Y�†�b�7�b�1 �v�‹�v�|�;�l �|�o �1�o�m�7�†�1�| �7�u�o�r�t�;�| �=�o�u�l�-�¢�o�m �;�Š�r�;�u�b�l�;�m�|�v �7�;�r�;�m�7�b�m�] �o�m

�r�-�u�-�l�;�|�;�u�v �v�†�1�_ �-�v �|�_�; �|�u�-�r �t�;�m�]�|�_�7 �7�u�o�r�t�;�| �r�_�-�v�; �r�†�t�t�b�m�] �v�r�;�;�7�7 �o�u �|�‹�r�; �o�= �t�b�t�†�b�7�: �� �v�r�;�1�b�C�1�-�t�t�‹

�l�-�7�; �|�_�; �1�_�-�m�m�;�t�v �m�-�u�u�o�‰�;�u �|�o �t�;�m�]�|�_�;�m �|�_�; �7�u�o�r�t�;�|�v �-�m�7 �|�o �-�t�t�o�‰ �o�0�v�;�u�ˆ�-�¢�o�m �o�= �|�_�; �t�;�m�]�|�_

�v�r�u�;�-�7�: �$�_�; �u�;�v�†�t�|�v �b�m �|�_�; �v�†�r�r�t�;�l�;�m�|�-�u�‹ �b�m�=�o�u�l�-�¢�o�m �=�o�u ���u�¢�1�t�;�	 �v�_�o�‰ �|�_�-�| �7�u�o�r�t�;�| �t�;�m�]�|�_

�‰�-�v �b�m�Y�†�;�m�1�;�7 �r�u�b�l�-�u�b�t�‹ �0�‹ �|�_�; �|�u�-�r�=�v �7�;�v�b�]�m�8 �o�|�_�;�u �r�-�u�-�l�;�|�;�u�v �_�-�7 �- �l�b�m�o�u �b�m�Y�†�;�m�1�;�:

�‚�:�•�:�• ���b�=�†�u�1�-�¢�o�m�v �‰�b�|�_ �|�_�; �0�‹�r�-�v�v �v�t�b�|�v

���m �l�b�1�u�o�Y�†�b�7�b�1�v�7 �|�_�; �f�†�m�1�¢�o�m �b�v �]�;�m�;�u�-�t�t�‹ �- �$�J �o�u �+�J�v�_�-�r�; �1�o�m�m�;�1�¢�o�m �o�= �|�_�u�;�; �u�;�]�†�t�-�u �1�_�-�m�J

�m�;�t�v�7 �-�v �v�_�o�‰�m �b�m �
�b�]�†�u�;�ƒ�-�: ���m �7�u�o�r�t�;�| �l�b�1�u�o�Y�†�b�7�b�1�v�7 �- �0�b�=�†�u�1�-�¢�o�m �1�-�m �7�b�v�|�u�b�0�†�|�; �7�u�o�r�t�;�|�v �b�m �|�_�;

�l�b�1�u�o�Y�†�b�7�b�1 �m�;�|�‰�o�u�h�: ���m �- �m�o�u�l�-�t �f�†�m�1�¢�o�m�7 �t�o�m�] �7�u�o�r�t�;�|�v �P�‰�_�o�v�; �t�;�m�]�|�_ �v�b�]�m�b�C�1�-�m�|�t�‹ �;�Š�1�;�;�7�v

�•�•



�• ���ˆ�;�u�ˆ�b�;�‰ �o�= �u�;�v�†�s�|�v

�|�_�; �‰�b�7�|�_ �o�= �|�_�; �1�_�-�m�m�;�t�Q �†�v�†�-�t�t�‹ �0�u�;�-�h �-�m�7 �v�r�t�b�| �0�;�|�‰�;�;�m �|�‰�o �0�u�-�m�1�_�;�v�: �$�_�; �u�-�¢�o �o�= �|�_�; �v�b�Œ�;

�o�= �|�_�; �m�;�‰�t�‹ �=�o�u�l�;�7 �7�u�o�r�t�;�|�v �t�-�u�]�;�t�‹ �7�;�r�;�m�7�v �o�m �|�_�; �Y�o�‰ �u�-�|�;�: ���m �|�†�u�m�7 �v�l�-�t�t�;�u �7�u�o�r�t�;�|�v �P�o�= �-

�v�b�Œ�; �1�o�l�r�-�u�-�0�t�; �|�o �|�_�; �‰�b�7�|�_ �o�= �|�_�; �1�_�-�m�m�;�t�Q �;�m�|�;�u �|�_�; �f�o�b�m�|�=�v �o�†�|�t�;�| �‰�b�|�_ �- �_�b�]�_�;�u �Y�o�‰�7 �u�;�v�†�t�|�J

�b�m�] �b�m �|�_�; �7�‹�m�-�l�b�1 �7�b�v�|�u�b�0�†�¢�o�m �o�= �|�u�-�b�m�v �o�= �7�u�o�r�t�;�|�v �b�m �|�_�; �m�;�|�‰�o�u�h�v�: ���-�1�_ �7�u�o�r�t�;�| �b�m�|�u�o�7�†�1�;�v

�-�7�7�b�¢�o�m�-�t �u�;�v�b�v�|�-�m�1�; �-�m�7 �v�t�o�‰�v �|�_�; �Y�o�‰ �b�m �|�_�; �o�1�1�†�r�b�;�7 �1�_�-�m�m�;�t�: ���m �7�u�o�r�t�;�| �|�u�-�b�m�v �;�m�|�;�u�b�m�] �|�_�;

�t�o�o�r�7 �7�u�o�r�t�;�|�v �|�;�m�7 �|�o �7�b�v�|�u�b�0�†�|�; �b�m �- �1�o�m�C�]�†�u�-�¢�o�m �|�_�-�| �;�m�v�†�u�;�v �|�_�-�| �|�_�; �Y�o�‰�v �b�m �|�_�; �0�u�-�m�1�_�;�v

�-�u�; �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �;�t�†�-�t�: ���m �1�t�o�v�;�J�|�o�J�0�-�t�-�m�1�; �Y�o�‰ �7�b�v�|�u�b�0�†�¢�o�m�7 �- �v�b�m�]�t�; �7�u�o�r�t�;�| �1�-�m �1�_�-�m�]�; �|�_�;

�=�-�v�|�;�u �-�u�l �o�= �|�_�; �t�o�o�r �|�o �|�_�; �v�t�o�‰�;�u �o�m�;�7 �|�_�†�v �v�‰�b�|�1�_�b�m�] �|�_�; �o�†�|�r�†�| �u�o�†�|�; �r�u�;�=�;�u�u�;�7 �0�‹ �|�_�; �m�;�Š�|

�7�u�o�r�t�;�|�:

cbinleta

to rig
ht

to left

�
�b�]�†�u�; �ƒ�9 �€�	 �ˆ�b�;�‰�v �o�= �7�b�@�;�u�;�m�| �|�‹�r�;�v �o�= �0�b�=�†�u�1�-�¢�o�m�v�9 �-�Q �|�_�; �u�;�]�†�t�-�u �f�†�m�1�¢�o�m�7 �0�Q �|�_�; �m�o�ˆ�;�t �f�†�m�1�J
�¢�o�m �‰�b�|�_ �- �v�b�m�]�t�; �0�‹�r�-�v�v �v�t�b�|�7 �-�m�7 �1�Q �|�_�; �†�m�b�ˆ�;�u�v�-�t �f�†�m�1�¢�o�m �‰�b�|�_ �0�o�|�_ �0�‹�r�-�v�v �v�t�b�|�v�: �P�$�_�b�v �]�u�-�r�_�b�1
�b�v �-�m �;�Š�1�;�u�r�| �=�u�o�l �|�_�; �C�]�†�u�; �r�†�0�t�b�v�_�;�7 �b�m ���u�¢�1�t�;���:�Q

���‰�-�u�; �o�= �|�_�; �r�_�;�m�o�l�;�m�o�m �o�= �-�1�¢�ˆ�-�¢�o�m �-�m�7 �7�;�-�1�¢�ˆ�-�¢�o�m �o�= �0�‹�r�-�v�v �v�t�b�|�v �0�‹ �Y�o�‰�b�m�] �7�u�o�J

�r�t�;�|�v �b�m�ˆ�;�v�¢�]�-�|�;�7 �b�m ���u�¢�1�t�;�� �7 �� �7�;�v�b�]�m�;�7 �- �m�o�ˆ�;�t �|�‹�r�; �o�= �l�b�1�u�o�Y�†�b�7�b�1 �0�b�=�†�u�1�-�¢�m�] �f�o�b�m�|�v �|�_�-�| �1�o�†�t�7

�=�†�m�1�¢�o�m �7�b�@�;�u�;�m�|�t�‹ �=�u�o�l �|�_�; �r�u�;�ˆ�b�o�†�v�t�‹ �l�;�m�¢�o�m�;�7 �u�;�]�†�t�-�u �f�†�m�1�¢�o�m�: ���u�¢�1�t�;�� �r�u�;�v�;�m�|�v �|�_�;�v�;

�0�b�=�†�u�1�-�¢�o�m�v �-�m�7 �- �v�;�u�b�;�v �o�= �;�Š�r�;�u�b�l�;�m�|�-�t �v�|�†�7�b�;�v �� �r�;�u�=�o�u�l�;�7 �|�o �†�m�7�;�u�v�|�-�m�7 �|�_�;�b�u �o�r�;�u�-�¢�o�m�-�t

�u�-�m�]�; �-�m�7 �r�u�o�r�;�u�¢�;�v�: �$�_�; �b�l�r�u�o�ˆ�;�7 �0�b�=�†�u�1�-�¢�o�m �� �7�b�v�1�†�v�v �b�m ���u�¢�1�t�;�� �b�m�|�u�o�7�†�1�;�v �|�_�u�;�; �m�o�ˆ�;�t

�=�;�-�|�†�u�;�v�9 �-�Q ���| �|�u�-�m�v�=�;�u�v �v�_�o�u�| �7�u�o�r�t�;�|�v �|�o �v�;�t�;�1�|�;�7 �o�†�|�r�†�| �u�;�]�-�u�7�t�;�v�v �o�= �|�_�; �u�-�¢�o �o�= �Y�o�‰ �u�-�|�;�v �b�m

�o�†�|�t�;�| �1�_�-�m�m�;�t�v�7 �0�Q �b�| �|�u�-�m�v�=�;�u�v �t�o�m�] �7�u�o�r�t�;�|�v �|�o �|�_�; �v�;�t�;�1�|�;�7 �o�†�|�r�†�| �‰�b�|�_�o�†�| �0�u�;�-�h�b�m�] �|�_�;�l �†�r

�b�m �- �‰�b�7�; �u�-�m�]�; �o�= �Y�o�‰ �u�-�¢�o�v �-�m�7 �1�-�r�b�t�t�-�u�‹ �m�†�l�0�;�u�v�7 �-�m�7 �1�Q �b�| �r�;�u�=�o�u�l�v �- �0�-�h�;�u�=�v �|�u�-�m�v�=�o�u�l�-�¢�o�m

�|�_�-�| �_�;�t�r�v �|�o �l�b�Š �|�_�; �7�u�o�r�t�;�|�=�v �1�o�m�|�;�m�| �-�[�;�u �|�_�; �|�u�-�m�v�b�¢�o�m�:

���Š�-�l�r�t�;�v �o�= �|�_�; �l�o�7�b�C�;�7 �f�†�m�1�¢�o�m�v �-�u�; �v�_�o�‰�m �b�m �
�b�]�†�u�;�ƒ�0�K�1�: �$�_�; �;�v�v�;�m�1�; �o�= �|�_�; �l�o�7�b�J

�C�1�-�¢�o�m �b�v �|�_�; �-�7�7�b�¢�o�m �o�= �0�‹�r�-�v�v �v�t�b�|�v �|�o �1�_�-�m�m�;�t�v �-�| �|�_�; �f�o�b�m�|�: �$�_�; �0�‹�r�-�v�v �v�t�b�| �1�o�m�m�;�1�|�v �|�o �|�_�;

�1�_�-�m�m�;�t�7 �b�m�1�u�;�-�v�b�m�] �b�|�v �t�†�l�;�m�7 �‰�_�b�1�_ �|�_�; �1�o�m�¢�m�†�o�†�v �r�_�-�v�; �1�-�m �-�1�1�;�v�v�: �$�_�; �r�†�u�r�o�v�; �o�= �|�_�; �0�‹�J

�r�-�v�v �v�t�b�|�v �b�v �|�o �-�t�t�o�‰ �|�_�; �o�b�t �|�o �0�‹�r�-�v�v �- �7�u�o�r�t�;�| �‰�_�;�m �b�| �|�u�-�ˆ�;�t�v �|�_�u�o�†�]�_ �|�_�; �f�†�m�1�¢�o�m�: �	�†�u�b�m�]

�7�‹�m�-�l�b�1 �|�‰�o�J�r�_�-�v�; �Y�o�‰�7 �|�_�; �o�†�|�r�†�| �‰�b�|�_�o�†�| �|�_�; �0�‹�r�-�v�v �v�t�b�| �1�o�m�m�;�1�¢�o�m �7�u�-�‰�v �b�m �7�u�o�r�t�;�|�v �-�m�7

�b�v �|�_�; �v�;�t�;�1�|�;�7 �o�†�|�r�†�| �=�o�u �u�;�1�;�b�ˆ�b�m�] �7�u�o�r�t�;�|�v�: �� �7�;�v�b�]�m�;�7 �-�m�7 �1�o�m�7�†�1�|�;�7 �ˆ�-�u�b�o�†�v �;�Š�r�;�u�b�l�;�m�|�v

�|�o �v�|�†�7�‹ �|�_�; �h�b�m�;�¢�1�v �o�= �7�u�o�r�t�;�|�v �b�m �|�_�; �1�_�-�m�m�;�t�v�7 �|�_�;�b�u �b�m�|�;�u�-�1�¢�o�m�v �‰�b�|�_ �|�_�; �]�;�o�l�;�|�u�‹ �o�= �|�_�;

�0�b�=�†�u�1�-�¢�o�m�7 �-�m�7 �|�_�; �ˆ�;�t�o�1�b�|�‹ �r�u�o�C�t�;�v �o�= �|�_�; �1�o�m�¢�m�†�o�†�v �r�_�-�v�; �b�m �|�_�; �0�‹�r�-�v�v �v�t�b�| �P�†�v�b�m�] �r�-�u�¢�1�t�;

�b�l�-�]�; �ˆ�;�t�o�1�b�l�;�|�u�‹�Q�: ���m �-�7�7�b�¢�o�m�7 �� �-�m�-�t�‹�Œ�;�7 �|�_�; �0�u�;�-�h�†�r �o�= �7�u�o�r�t�;�|�v �b�m �|�_�b�v �|�‹�r�; �o�= �0�b�=�†�u�1�-�¢�o�m �-�v

�- �=�†�m�1�¢�o�m �o�= �|�_�; �1�-�r�b�t�t�-�u�‹ �m�†�l�0�;�u�: �� �r�u�o�r�o�v�;�7 �-�m�7 �;�Š�r�;�u�b�l�;�m�|�-�t�t�‹ �ˆ�;�u�b�C�;�7 �- �|�_�;�o�u�;�¢�1�-�t �l�o�7�;�t

�•�€



�• ���ˆ�;�u�ˆ�b�;�‰ �o�= �u�;�v�†�s�|�v

�|�o �o�0�|�-�b�m �o�r�;�u�-�¢�o�m�-�t �t�b�l�b�|�-�¢�o�m�v �=�o�u �|�u�-�m�v�=�;�u�u�b�m�] �t�o�m�] �7�u�o�r�t�;�|�v �|�_�u�o�†�]�_ �|�_�; �f�†�m�1�¢�o�m�:

���= �m�o�|�;�7 �v�†�1�_ �- �v�t�b�]�_�| �-�m�7 �t�o�1�-�t �l�o�7�b�C�1�-�¢�o�m �-�v �o�m�t�‹ �-�7�7�b�m�] �- �0�‹�r�-�v�v �v�t�b�| �|�o �|�_�; �f�†�m�1�¢�o�m �1�-�m

�v�b�]�m�b�C�1�-�m�|�t�‹ �-�t�|�;�u �|�_�; �]�t�o�0�-�t �0�;�_�-�ˆ�b�o�u �o�= �7�u�o�r�t�;�|�v �Y�o�‰�b�m�] �b�m �l�b�1�u�o�Y�†�b�7�b�1 �m�;�|�‰�o�u�h�v�: �$�_�; �o�0�v�;�u�J

�ˆ�-�¢�o�m�v �r�u�;�v�;�m�|�;�7 �b�m ���u�¢�1�t�;�� �7�;�l�o�m�v�|�u�-�|�;�7 �|�_�b�v �;�@�;�1�| �b�m �|�‰�o �7�;�ˆ�b�1�;�v �‰�b�|�_ �v�b�l�r�t�; �v�‹�l�l�;�|�u�b�1�-�t

�t�o�o�r�v�7 �o�m�; �1�o�m�v�b�v�¢�m�] �o�= �- �u�;�]�†�t�-�u �f�o�b�m�| �P�r�u�;�v�;�m�|�;�7 �b�m �
�b�]�†�u�;�ƒ�-�Q �-�m�7 �|�_�; �o�|�_�;�u �1�o�m�|�-�b�m�b�m�] �m�o�ˆ�;�t

�f�†�m�1�¢�o�m �|�_�-�| �C�Š�;�7 �7�u�o�r�t�;�| �Y�o�‰ �P�v�_�o�‰�m �b�m �
�b�]�†�u�;�ƒ�0�Q�: ���v �- �u�;�v�†�t�|�7 �†�m�t�b�h�; �|�_�; �-�t�l�o�v�| �v�‹�l�l�;�|�u�b�1�-�t

�7�u�o�r�t�;�| �7�b�v�|�u�b�0�†�¢�o�m �b�m �|�_�; �1�-�v�; �o�= �- �v�|�-�m�7�-�u�7 �f�o�b�m�|�7 �|�_�;�u�; �‰�-�v �ˆ�-�v�| �-�v�‹�l�l�;�|�u�‹ �b�m �|�_�; �7�b�v�|�u�b�0�†�J

�¢�o�m �o�= �v�_�o�u�| �7�u�o�r�t�;�|�v �0�;�|�‰�;�;�m �|�_�; �0�u�-�m�1�_�;�v �b�m �|�_�; �m�o�ˆ�;�t �7�;�ˆ�b�1�;�7 �;�ˆ�;�m �|�_�o�†�]�_ �0�o�|�_ �1�_�-�m�m�;�t�v

�b�m�b�¢�-�t�t�‹ �0�o�u�; �|�_�; �v�-�l�; �_�‹�7�u�-�†�t�b�1 �u�;�v�b�v�|�-�m�1�;�v�:

���v �b�m �b�m�ˆ�;�v�¢�]�-�¢�o�m�v �o�= �|�_�; �l�;�|�;�u�b�m�] �|�u�-�r�7 �|�_�; �h�b�m�;�¢�1�v �o�= �t�o�m�] �7�u�o�r�t�;�|�v �-�m�7 �|�_�; �Y�o�‰ �r�u�o�C�t�;�v

�b�m �|�_�; �0�‹�r�-�v�v �v�t�b�| �v�_�o�‰�;�7 �|�_�-�| �- �7�u�o�r�t�;�| �1�o�†�t�7 �;�@�;�1�¢�ˆ�;�t�‹ �7�;�-�1�¢�ˆ�-�|�; �-�m�7 �-�1�¢�ˆ�-�|�; �|�_�; �0�‹�r�-�v�v�: ���m

�|�_�b�v �1�-�v�;�7 �|�_�; �7�u�o�r�t�;�| �1�u�;�-�|�;�7 �-�m �-�7�7�b�¢�o�m�-�t �|�;�l�r�o�u�-�t �r�u�o�|�u�†�v�b�o�m �0�u�-�m�1�_�7 �b�m�b�¢�-�t�t�‹ �r�;�m�;�|�u�-�¢�m�]

�|�_�; �o�†�|�r�†�| �‰�b�|�_ �|�_�; �0�‹�r�-�v�v �v�t�b�|�7 �|�_�-�| �C�m�-�t�t�‹ �u�;�|�u�-�1�|�;�7 �7�†�; �|�o �|�_�; �-�1�¢�ˆ�-�¢�o�m �o�= �|�_�; �0�‹�r�-�v�v �-�| �|�_�;

�C�m�-�t �v�|�-�]�;�: ���m �;�Š�-�l�r�t�; �o�= �l�-�m�b�r�†�t�-�¢�o�m �o�= �- �t�o�m�] �7�u�o�r�t�;�| �b�v �v�_�o�‰�m �b�m �
�b�]�†�u�;�„�: ���| �v�†�L�1�b�;�m�|�t�‹

�t�o�‰ �b�m�r�†�| �Y�o�‰�v�7 �b�m�|�;�u�=�-�1�b�-�t �|�;�m�v�b�o�m �h�;�;�r�v �|�_�; �7�u�o�r�t�;�| �b�m �- �v�b�m�]�t�; �r�b�;�1�;�7 �-�t�t �o�b�t �Y�o�‰ �7�;�7�b�1�-�|�;�7

�|�o �|�_�; �o�r�r�o�v�b�|�; �0�u�-�m�1�_ �1�-�m �Y�o�‰ �|�_�u�o�†�]�_ �|�_�; �0�‹�r�-�v�v�7 �-�m�7 �|�_�; �;�m�¢�u�; �7�u�o�r�t�;�| �b�v �|�u�-�m�v�=�;�u�u�;�7 �b�m�|�o

�o�m�; �v�;�t�;�1�|�;�7 �o�†�|�r�†�|�: �
�o�u �v�l�-�t�t �1�-�r�b�t�t�-�u�‹ �m�†�l�0�;�u�v�7 �|�_�; �o�m�t�‹ �u�;�v�|�u�b�1�¢�o�m �o�m �|�_�; �|�u�-�m�v�=�;�u �o�= �-�m

1.6 mL/h

0.0s 0.7s 1.3s 2.0s

4.7s4.0s3.3s2.7s

�
�b�]�†�u�; �„�9 ���ˆ�;�u�ˆ�b�;�‰ �o�= �|�u�-�m�v�=�;�u�u�b�m�] �- �t�o�m�] �7�u�o�r�t�;�| �b�m�|�o �o�m�; �o�†�|�r�†�|�: �$�_�; �f�†�m�1�¢�o�m �=�†�m�1�¢�o�m�v �b�m �-
�1�o�m�C�]�†�u�-�¢�o�m �‰�b�|�_ �o�m�; �b�m�r�†�| �-�m�7 �|�‰�o �o�†�|�r�†�|�v�: �$�_�; �7�u�o�r�t�;�|�v �Y�o�‰ �b�m�|�o �|�_�; �o�†�|�t�;�| �o�r�r�o�v�b�m�] �|�_�;
�0�‹�r�-�v�v �v�t�b�| �b�m �|�_�b�v �1�o�m�C�]�†�u�-�¢�o�m�: ���= �|�_�; �b�m�r�†�| �Y�o�‰ �b�v �v�†�L�1�b�;�m�|�t�‹ �t�o�‰ �-�m�7 �|�_�; �t�;�m�]�|�_ �o�= �|�_�; �7�u�o�r�t�;�|
�b�v �-�7�;�t�†�-�|�;�7 �|�_�; �-�7�7�b�¢�o�m�-�t �0�u�-�m�1�_ �|�_�-�| �b�v �]�;�m�;�u�-�|�;�7 �7�o�;�v �m�o�| �0�t�o�1�h �|�_�; �0�‹�r�-�v�v �-�m�7 �|�_�; �7�u�o�r�t�;�|
�b�v �|�u�-�m�v�=�;�u�u�;�7 �‰�b�|�_�o�†�| �v�r�t�b�°�m�]�:
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�• ���ˆ�;�u�ˆ�b�;�‰ �o�= �u�;�v�†�s�|�v

�;�m�¢�u�; �t�o�m�] �7�u�o�r�t�;�| �b�v �|�_�; �t�;�m�]�|�_ �o�= �|�_�; �0�‹�r�-�v�v �v�t�b�| �-�7�f�-�1�;�m�| �|�o �|�_�; �o�r�r�o�v�b�|�; �o�†�|�r�†�|�: ���o�m�] �7�u�o�J

�r�t�;�|�v �‰�_�o�v�; �-�7�7�b�¢�o�m�-�t �0�u�-�m�1�_ �;�Š�1�;�;�7�v �|�_�b�v �0�‹�r�-�v�v �‰�b�t�t �0�u�;�-�h �†�r �7�†�; �|�o �|�_�; �|�o�|�-�t �Y�o�‰ �0�t�o�1�h�-�]�;

�|�_�u�o�†�]�_ �|�_�b�v �0�‹�r�-�v�v�: �$�_�;�‹ �b�m�b�¢�-�t�t�‹ �0�t�o�1�h �|�_�; �b�m�t�;�| �o�= �|�_�; �0�‹�r�-�v�v �0�†�| �-�u�; �v�†�L�1�b�;�m�|�t�‹ �t�o�m�] �|�_�-�| �|�_�;

�0�u�-�m�1�_ �|�_�;�m �v�|�o�r�v �|�_�; �o�†�|�t�;�| �o�= �|�_�b�v �0�‹�r�-�v�v�: ���v �- �u�;�v�†�t�|�7 �|�_�; �0�‹�r�-�v�v �b�v �b�m�-�1�¢�ˆ�; �-�| �-�t�t �¢�l�;�v�: �)�b�|�_

�v�†�L�1�b�;�m�|�t�‹ �v�_�o�u�|�;�u �7�u�o�r�t�;�|�v�7 �|�_�; �|�u�-�m�v�b�¢�o�m �0�;�|�‰�;�;�m �|�_�; �m�o�m�J�0�u�;�-�h�†�r �-�m�7 �0�u�;�-�h�†�r �u�;�]�b�l�;�v �0�;�J

�1�o�l�;�v �_�b�]�_�t�‹ �7�‹�m�-�l�b�1�: �$�_�; �t�b�l�b�|�v �o�= �|�_�b�v �-�1�¢�o�m �-�u�; �o�†�|�t�b�m�;�7 �b�m ���u�¢�1�t�;���: ���o�‰�;�ˆ�;�u�7 �|�_�b�v �u�;�v�†�t�|

�v�_�o�‰�v �|�_�-�| �- �f�†�m�1�¢�o�m �‰�b�|�_ �- �v�b�l�r�t�; �0�‹�r�-�v�v �v�t�b�| �1�-�m �=�†�m�1�¢�o�m �b�m �- �‰�b�7�; �u�-�m�]�; �o�= �Y�o�‰�v�: ���m �|�_�;

�o�|�_�;�u �_�-�m�7�7 �|�_�;�u�; �-�u�; �r�o�v�v�b�0�b�t�b�¢�;�v �=�o�u �o�r�¢�l�b�Œ�b�m�] �|�_�; �v�_�-�r�; �o�= �|�_�; �0�‹�r�-�v�v �v�t�b�|�7 �=�o�u �;�Š�-�l�r�t�; �b�|�v

�t�;�m�]�|�_ �-�m�7 �7�;�r�|�_�7 �|�o �-�1�_�b�;�ˆ�; �|�_�; �|�-�u�]�;�| �o�= �|�_�; �v�r�;�1�b�C�;�7 �-�r�r�t�b�1�-�¢�o�m�:

���‹ �7�;�=�-�†�t�|�7 �|�_�; �f�†�m�1�¢�o�m �1�o�m�|�-�b�m�;�7 �o�m�; �b�m�r�†�| �-�m�7 �|�‰�o �o�†�|�r�†�| �1�_�-�m�m�;�t�v�7 �‰�b�|�_ �o�m�; �7�;�7�b�1�-�|�;�7

�|�o �u�;�1�;�b�ˆ�b�m�] �7�u�o�r�t�;�|�v�: ���= �|�_�; �o�b�t �Y�o�‰ �‰�;�u�; �u�;�ˆ�;�u�v�;�7�7 �|�_�; �f�o�b�m�| �‰�o�†�t�7 �_�-�ˆ�; �o�m�; �o�†�|�r�†�| �-�m�7 �|�‰�o

�b�m�r�†�|�v�: ���m �|�_�b�v �1�-�v�;�7 �|�_�; �t�o�m�] �7�u�o�r�t�;�| �Y�o�‰�b�m�] �b�m�|�o �|�_�; �o�†�|�t�;�| �=�u�o�l �o�m�; �o�= �|�_�; �|�‰�o �b�m�t�;�|�v �1�o�†�t�7

�_�-�ˆ�; �- �_�b�]�_ �u�b�v�h �o�= �v�r�t�b�°�m�] �b�= �|�_�; �o�b�t �Y�o�‰ �=�u�o�l �|�_�; �o�|�_�;�u �o�†�|�r�†�| �‰�;�u�; �†�m�-�0�t�; �|�o �0�‹�r�-�v�v �|�_�b�v

�7�u�o�r�t�;�|�: �$�_�†�v�7 �� �-�t�v�o �b�l�r�u�o�ˆ�;�7 �|�_�b�v �f�†�m�1�¢�o�m �|�o �0�;�1�o�l�; �l�o�u�; �ˆ�;�u�v�-�¢�t�; �-�m�7 �-�t�v�o �=�†�m�1�¢�o�m �b�m �|�_�;

�u�;�ˆ�;�u�v�;�7 �7�b�u�;�1�¢�o�m �‰�b�|�_�o�†�| �v�r�t�b�°�m�] �t�o�m�] �7�u�o�r�t�;�|�v�: �
�b�]�†�u�;�ƒ�1 �v�_�o�‰�v �|�_�; �m�o�ˆ�;�t �7�;�ˆ�b�1�; �l�o�7�b�C�1�-�J
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�• ���ˆ�;�u�ˆ�b�;�‰ �o�= �u�;�v�†�s�|�v

�v�;�m�|�;�7 �b�m �
�b�]�†�u�;�~�€�Q �-�m�7 �u�;�v�;�l�0�t�;�v �- �u�b�r�r�t�; �1�o�†�m�|�;�u �7�;�v�b�]�m�7 �‰�_�b�1�_ �b�v �‰�;�t�t �h�m�o�‰�m �b�m �;�t�;�1�|�u�o�m�b�1�v�:

�� �t�o�‰�;�u �m�†�l�0�;�u �o�= �b�m�|�;�u�m�-�t �v�|�-�|�;�v �b�m �;�-�1�_ �v�|�-�]�; �-�t�t�o�‰�v �=�o�u �7�;�ˆ�;�t�o�r�l�;�m�| �o�= �l�o�u�; �1�o�m�v�b�v�|�;�m�| �]�;�J

�o�l�;�|�u�‹ �-�m�7 �b�m �=�-�1�| �r�u�o�ˆ�b�7�;�v �- �r�o�v�v�b�0�b�t�b�|�‹ �=�o�u �b�m�1�u�;�-�v�b�m�] �|�_�; �=�u�;�t�†�;�m�1�‹ �o�= �Y�o�‰�b�m�] �7�u�o�r�t�;�|�v�: ���m �|�_�;

�o�|�_�;�u �_�-�m�7�7 �]�;�m�;�u�-�¢�o�m �o�= �- �v�b�l�b�t�-�u �1�-�r�-�1�b�|�‹ �u�;�t�†�b�u�;�v �l�o�u�; �v�;�t�†�;�m�¢�-�t �0�t�o�1�h�v �|�o �0�; �1�o�m�m�;�1�|�;�7

�b�m �v�;�u�b�;�v �1�o�l�r�-�u�;�7 �|�o �|�_�; �|�_�u�;�;�J�=�o�t�7 �7�;�1�b�l�-�t �1�o�†�m�|�;�u�8 �b�| �-�t�v�o �‰�o�†�t�7 �1�o�m�v�†�l�; �l�o�u�; �-�u�;�-�: �$�_�;

�=�o�†�u�J�=�o�t�7 �0�b�m�-�u�‹ �1�o�†�m�|�;�u �b�v �r�u�;�v�;�m�|�;�7 �r�u�b�l�-�u�b�t�‹ �b�m �|�_�; �v�†�r�r�t�;�l�;�m�|�-�u�‹ �C�t�; �o�= ���u�¢�1�t�;���: �
�b�]�†�u�;�~�•

�v�_�o�‰�v �- �v�m�-�r�v�_�o�| �o�= �|�_�; �‰�o�u�h�b�m�] �7�;�ˆ�b�1�;�:

state

triggersignal input

excess input

signal output

excess output

200
400

0
depth [µm]

detection
position

�
�b�]�†�u�; �~�€�9 �$�_�; �l�o�7�b�C�;�7 �$ �Y�b�r�J�Y�o�r �‰�b�|�_ �|�‰�o �o�†�|�r�†�|�v �-�m�7 �-�m �-�7�7�b�¢�o�m�-�t �1�_�-�m�m�;�t �=�o�u �;�Š�1�;�v�v �7�u�o�J
�r�t�;�|�v�: �P�$�_�b�v �b�v �-�m �;�Š�1�;�u�r�| �o�= �- �C�]�†�u�; �r�†�0�t�b�v�_�;�7 �b�m �|�_�; �v�†�r�r�t�;�l�;�m�|�-�u�‹ �C�t�; �o�= ���u�¢�1�t�;���:�Q

1 · 20 0 · 21 1 · 22 1 · 23

� ow direction

�
�b�]�†�u�; �~�•�9 �"�m�-�r�v�_�o�| �o�= �-�m �;�Š�r�;�u�b�l�;�m�| �†�v�b�m�] �|�_�; �=�o�†�u�J�=�o�t�7 �0�b�m�-�u�‹ �1�o�†�m�|�;�u �r�u�;�v�;�m�|�;�7 �b�m �|�_�; �v�†�r�J
�r�t�;�l�;�m�|�-�u�‹ �C�t�; �o�= ���u�¢�1�t�;���: �$�_�; �v�|�-�|�; �o�= �|�_�; �1�o�†�m�|�;�u �b�m�7�b�1�-�|�;�v �|�_�; �ˆ�-�t�†�; �~�€ �P�~�~�}�~ �b�m �|�_�; �0�b�m�-�u�‹
�v�‹�v�|�;�l�Q�:

�‚�:�€�:�€ ���;�u�l�†�|�-�¢�o�m�v �o�= �7�u�o�r�t�;�| �o�u�7�;�u

�$�_�†�v �=�-�u�7 �t�o�o�r�v �‰�b�|�_ �o�0�v�|�-�1�t�;�v �_�-�ˆ�; �0�;�;�m �r�u�;�v�;�m�|�;�7 �-�v �1�o�†�m�|�;�u�v�7 �b�m �‰�_�b�1�_ �|�_�; �r�o�v�b�¢�o�m �o�=

�- �7�u�o�r�t�;�| �1�o�u�u�;�v�r�o�m�7�v �|�o �- �]�b�ˆ�;�m �m�†�l�;�u�b�1�-�t �ˆ�-�t�†�;�: ���m�o�|�_�;�u �b�m�|�;�u�r�u�;�|�-�¢�o�m �o�= �|�_�b�v �C�m�b�|�; �v�|�-�|�;

�l�-�1�_�b�m�; �1�o�†�t�7 �0�; �|�o �l�-�h�; �- �r�;�u�l�†�|�-�¢�o�m �o�= �|�_�; �v�;�t�†�;�m�1�; �o�= �7�u�o�r�t�;�|�v �0�‹ �7�b�v�¢�m�]�†�b�v�_�b�m�] �|�_�; �o�u�J

�7�;�u �o�= �7�u�o�r�t�;�|�v�: �$�_�; �C�u�v�| �7�u�o�r�t�;�| �Y�o�‰�v �b�m�|�o �|�_�; �v�|�-�|�; �0�u�-�m�1�_ �7�†�; �|�o �|�_�; �]�†�b�7�b�m�] �f�†�m�1�¢�o�m�7 �-�m�7

�|�_�; �v�†�0�v�;�t�†�;�m�| �7�u�o�r�t�;�|�v �Y�o�‰ �|�_�u�o�†�]�_ �|�_�; �|�u�b�]�]�;�u�b�m�] �o�0�v�|�-�1�t�;�7 �t�;�-�ˆ�b�m�] �- �t�o�o�r �0�;�=�o�u�; �|�_�; �b�m�b�¢�-�t�t�‹

�b�m�|�u�o�7�†�1�;�7 �7�u�o�r�t�;�|�: �
�b�m�-�t�t�‹�7 �|�_�; �C�u�v�| �7�u�o�r�t�;�| �t�;�-�ˆ�;�v �|�_�; �0�t�o�1�h �-�[�;�u �|�_�; �v�;�u�b�;�v �o�= �7�u�o�r�t�;�|�v �;�t�†�-�t�v

�|�_�; �m�†�l�0�;�u �o�= �v�|�-�|�; �o�0�v�|�-�1�t�;�v�: ���o�m�v�;�t�†�;�m�|�t�‹�7 �b�| �b�v �l�o�ˆ�;�7 �=�u�o�l �|�_�; �0�;�]�b�m�m�b�m�] �|�o �|�_�; �;�m�7 �o�=

�|�_�b�v �v�;�u�b�;�v�: �$�_�b�v �|�‹�r�; �o�= �t�o�o�r �b�v �1�-�t�t�;�7 �- �u�o�|�-�|�o�u �b�m �|�_�b�v �v�;�1�¢�o�m�: ���m �|�_�b�v �1�-�v�;�7 �|�_�; �b�v�v�†�; �o�= �u�;�J

�7�†�m�7�-�m�| �7�u�o�r�t�;�|�v �7�o�;�v �m�o�| �;�Š�b�v�|�7 �-�v �-�t�t �7�u�o�r�t�;�|�v �t�;�-�ˆ�; �|�_�; �v�‹�v�|�;�l �|�_�u�o�†�]�_ �|�_�; �v�_�-�u�;�7 �o�†�|�r�†�|�8

�_�o�‰�;�ˆ�;�u�7 �b�m�|�;�]�u�-�¢�o�m �b�m�|�o �t�-�u�]�;�u �v�‹�v�|�;�l�v �v�¢�t�t �u�;�t�†�b�u�;�v �l�-�b�m�|�;�m�-�m�1�; �o�= �r�u�o�r�;�u �Y�o�‰ �1�o�m�7�b�¢�o�m�v�:

�€�•



�• ���ˆ�;�u�ˆ�b�;�‰ �o�= �u�;�v�†�s�|�v

�)�_�;�m �|�_�; �v�‹�v�|�;�l �b�v �Œ�;�u�o�b�m�] �o�†�|�7 �|�_�; �h�;�‹ �b�v �|�o �;�m�v�†�u�; �|�_�-�| �|�_�; �t�-�v�| �|�u�b�]�]�;�u�b�m�] �7�u�o�r�t�;�| �Y�o�‰�v �o�†�|

�C�u�v�|�7 �=�o�t�t�o�‰�;�7 �0�‹ �|�_�; �7�u�o�r�t�;�| �b�m �|�_�; �v�|�-�|�; �0�u�-�m�1�_�: ���| �b�v �v�†�L�1�b�;�m�| �=�o�u �- �v�b�m�]�t�; �v�;�t�†�;�m�¢�-�t �v�|�-�]�; �|�o

�r�u�o�r�;�u�t�‹ �r�o�v�b�¢�o�m �|�_�; �|�u�b�]�]�;�u�b�m�] �0�-�u�u�b�;�u �u�;�t�-�¢�ˆ�; �|�o �|�_�; �o�m�; �b�m �|�_�; �v�|�-�|�; �0�u�-�m�1�_�: �)�_�;�m �-�v�v�;�l�J

�0�t�b�m�] �-�7�7�b�¢�o�m�-�t �0�t�o�1�h�v �b�m �- �1�-�v�1�-�7�;�7 �b�| �b�v �-�t�v�o �;�v�v�;�m�¢�-�t �|�_�-�| �|�_�;�u�; �b�v �-�m �-�7�;�t�†�-�|�; �]�-�r �0�;�|�‰�;�;�m

�|�_�;�v�; �7�u�o�r�t�;�|�v �v�o �|�_�-�| �|�_�; �m�;�Š�| �0�t�o�1�h �_�-�v �¢�l�; �|�o �v�|�-�0�b�t�b�Œ�; �b�|�v �m�;�‰ �ˆ�-�t�†�; �0�;�=�o�u�; �|�_�; �t�-�v�| �7�u�o�r�t�;�|

�-�r�r�;�-�u�v�: �� �_�;�t�r�=�†�t �v�o�t�†�¢�o�m �b�v �|�o �†�v�; �l�o�7�b�C�;�7 �t�o�o�r�v �b�m �b�m�|�;�]�u�-�|�;�7 �1�o�†�m�|�;�u�v�: �$�‰�o �o�†�|�r�†�|�v �-�u�;

�1�o�l�0�b�m�;�7 �t�-�|�;�u �b�m�|�o �o�m�; �-�m�7 �=�;�;�7 �|�_�; �m�;�Š�| �v�;�t�†�;�m�¢�-�t �0�t�o�1�h�: ���o�‰�;�ˆ�;�u�7 �;�t�o�m�]�-�¢�m�] �o�m�; �o�†�|�r�†�|

�1�_�-�m�m�;�t �-�7�7�v �- �7�;�t�-�‹ �|�o �|�_�; �;�m�7 �7�u�o�r�t�;�| �-�m�7 �r�u�o�ˆ�b�7�;�v �;�m�o�†�]�_ �7�b�v�|�-�m�1�; �0�;�|�‰�;�;�m �7�u�o�r�t�;�|�v �v�o

�|�_�-�| �|�_�; �;�m�¢�u�; �v�‹�v�|�;�l �1�-�m �‰�o�u�h �1�o�u�u�;�1�|�t�‹�: �
�b�]�†�u�;�~�‚�v�_�o�‰�v �-�m �;�Š�-�l�r�t�; �o�= �|�‰�o �u�o�|�-�|�o�u�v �|�_�-�|

�‰�;�u�; �†�v�;�7 �b�m �=�†�u�|�_�;�u �;�Š�r�;�u�b�l�;�m�|�v�:

150 2000
depth [µm]

400
1000µm

a

b 123 231
ROTATING

12 21
ROTATING

�
�b�]�†�u�; �~�‚�9 ���Š�-�l�r�t�;�v �o�= �|�‰�o �u�o�|�-�|�o�u�v�9 �-�Q �v�‰�-�r�r�b�m�] �- �r�-�b�u �o�= �7�u�o�r�t�;�|�v �K �P�~ �•�Q �J�» �P�• �~�Q�8 �-�m�7 �0�Q
�|�u�-�m�v�=�;�u�u�b�m�] �|�_�; �C�u�v�| �7�u�o�r�t�;�| �|�o �|�_�; �;�m�7 �o�= �- �v�;�t�†�;�m�1�; �o�= �|�_�u�;�; �7�u�o�r�t�;�|�v �K �P�~ �• �€�Q �J�» �P�• �€ �~�Q�: �$�_�;�v�;
�7�;�ˆ�b�1�;�v �-�u�; �v�†�b�|�-�0�t�; �=�o�u �b�m�|�;�]�u�-�¢�o�m �b�m�|�o �t�-�u�]�;�u �0�t�o�1�h�v �b�m �- �1�-�v�1�-�7�; �7�†�; �|�o �†�v�; �o�= �- �1�_�-�m�m�;�t �|�_�-�|
�7�;�t�-�‹�v �|�_�; �|�u�-�m�v�=�;�u�u�;�7 �7�u�o�r�t�;�|�:

�$�_�; �v�†�0�v�|�-�m�¢�-�t �r�o�‰�;�u �o�= �7�u�o�r�t�;�| �u�o�|�-�¢�o�m �1�-�m �0�; �v�;�;�m �‰�_�;�m �- �v�;�u�b�;�v �o�= �7�b�@�;�u�;�m�| �u�o�|�-�|�o�u�v

�-�u�; �1�-�v�1�-�7�;�7 �|�o�]�;�|�_�;�u�: �$�_�; �b�7�;�- �v�|�†�7�b�;�7 �b�m ���u�¢�1�t�;�� �‰�-�v �|�o �†�v�; �- �v�;�u�b�;�v �o�= �u�o�|�-�|�o�u�v �|�o �r�;�u�l�†�|�;

�- �v�;�t�†�;�m�1�; �o�= �7�u�o�r�t�;�|�v�: �"�†�1�_ �-�m �o�r�;�u�-�¢�o�m �u�;�v�;�l�0�t�;�v ���;�-�r�=�v �-�t�]�o�u�b�|�_�l�7 �‰�_�b�1�_ �]�;�m�;�u�-�|�;�v �-�t�t

�r�o�v�v�b�0�t�; �r�;�u�l�†�|�-�¢�o�m�v �o�= �m �;�t�;�l�;�m�|�v�: �$�_�; �-�t�]�o�u�b�|�_�l �]�;�m�;�u�-�|�;�v �;�-�1�_ �r�;�u�l�†�|�-�¢�o�m �=�u�o�l �|�_�; �r�u�;�J

�ˆ�b�o�†�v �o�m�;�7 �b�m �‰�_�b�1�_ �- �v�b�m�]�t�; �v�|�;�r �1�o�m�v�b�v�|�v �o�= �b�m�|�;�u�1�_�-�m�]�b�m�] �|�_�; �r�o�v�b�¢�o�m�v �o�= �o�m�t�‹ �|�‰�o �o�0�f�;�1�|�v�7

�‰�_�b�t�; �|�_�; �o�|�_�;�u �m �K �• �;�t�;�l�;�m�|�v �u�;�l�-�b�m �b�m�|�-�1�|�: ���m �|�_�; �1�-�v�; �o�= �7�u�o�r�t�;�|�v�7 �;�-�1�_ �u�o�|�-�|�o�u �o�r�;�u�-�|�;�v

�b�m�7�;�r�;�m�7�;�m�|�t�‹ �o�m �- �7�;�v�b�]�m�-�|�;�7 �v�†�0�J�v�;�t�†�;�m�1�; �o�= �7�u�o�r�t�;�|�v�7 �Y�b�r�r�b�m�] �|�_�; �C�u�v�| �7�u�o�r�t�;�| �o�= �|�_�-�| �v�†�0�J

�v�;�t�†�;�m�1�; �|�o �|�_�; �;�m�7�: ���u�;�ˆ�b�o�†�v �v�|�†�7�b�;�v �_�-�ˆ�; �v�_�o�‰�m �|�_�-�| �m�b�m�; �o�u �;�ˆ�;�m �l�o�u�; �o�0�v�|�-�1�t�;�v �1�-�m �0�;

�r�t�-�1�;�7 �b�m �- �v�b�m�]�t�; �t�o�o�r�: �$�_�;�u�; �b�v �-�t�v�o �- �r�o�v�v�b�0�b�t�b�|�‹ �|�o �1�u�;�-�|�; �b�m�|�;�]�u�-�|�;�7 �u�o�|�-�|�o�u�v �v�†�1�_ �-�v �b�m�|�;�]�u�-�|�;�7

�1�o�†�m�|�;�u�v�: ���o�‰�;�ˆ�;�u�7 �†�v�b�m�] �- �t�b�l�b�|�;�7 �u�-�m�]�; �o�= �u�o�|�-�|�o�u �|�‹�r�;�v �v�¢�t�t �-�t�t�o�‰�v �=�o�u �-�m �;�m�¢�u�; �u�-�m�]�; �o�= �r�;�u�J
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�• ���ˆ�;�u�ˆ�b�;�‰ �o�= �u�;�v�†�s�|�v

�l�†�|�-�¢�o�m�v�: �$�_�†�v�7 �|�_�; �|�-�u�]�;�| �r�;�u�l�†�|�-�¢�o�m �1�-�m �0�; �-�1�_�b�;�ˆ�;�7 �0�‹ �1�-�v�1�-�7�b�m�] �|�_�; �v�;�u�b�;�v �o�= �u�o�|�-�|�o�u�v

�b�m �|�_�; �r�u�o�r�;�u �1�o�l�0�b�m�-�¢�o�m�: �&�v�b�m�] �7�b�@�;�u�;�m�| �|�‹�r�;�v �o�= �u�o�|�-�|�o�u�v�7 �7�u�o�r�t�;�|�v �1�-�m �0�; �u�o�|�-�|�;�7 �0�;�|�‰�;�;�m

�v�†�0�J�v�;�t�†�;�m�1�;�v�7 �;�ˆ�;�m �b�= �o�m�t�‹ �0�‹ �†�v�b�m�] �|�_�; �7�u�o�r�t�;�| �r�-�b�u �v�‰�-�r�r�b�m�] �v�_�o�‰�m �b�m �
�b�]�†�u�;�~�‚�-�: �$�_�; �|�o�|�-�t

�v�b�Œ�; �o�= �|�_�; �7�u�o�r�t�;�| �v�;�t�†�;�m�1�; �o�m �‰�_�b�1�_ �|�_�; �b�m�|�;�]�u�-�|�;�7 �r�;�u�l�†�|�-�¢�m�] �v�‹�v�|�;�l �o�r�;�u�-�|�;�v �u�;�v�†�t�|�v �=�u�o�l

�|�_�; �v�l�-�t�t�;�v�| �1�o�l�l�o�m �l�†�t�¢�r�t�; �o�= �|�_�; �u�o�|�-�|�o�u �|�‹�r�;�v �†�v�;�7�: ���m �|�_�; �1�-�v�; �o�= �-�m �b�m�C�m�b�|�; �v�;�u�b�;�v �o�= �7�u�o�J

�r�t�;�|�v�7 �|�_�; �v�‹�v�|�;�l �‰�o�†�t�7 �r�u�o�1�;�v�v �v�†�1�1�;�v�v�b�ˆ�; �v�†�0�J�v�;�t�†�;�m�1�;�v �o�= �7�u�o�r�t�;�|�v �‰�_�o�v�; �v�b�Œ�; �b�v �-�v�v�o�1�b�-�|�;�7

�‰�b�|�_ �|�_�; �v�l�-�t�t�;�v�| �1�o�l�l�o�m �l�†�t�¢�r�t�; �o�= �-�t�t �†�v�;�7 �u�o�|�-�|�o�u�v�: �$�_�; �-�u�¢�1�t�;�� �v�_�o�‰�v �-�m �;�Š�-�l�r�t�; �o�= �|�_�;

�7�;�ˆ�b�1�; �b�m�ˆ�;�u�¢�m�] �- �v�;�u�b�;�v �o�= �7�u�o�r�t�;�|�v �P�~ �• �€ �• �‚ �ƒ�Q �b�m�|�o �P�ƒ �‚ �• �€ �• �~�Q �†�v�b�m�] �- �1�o�l�0�b�m�-�¢�o�m �o�= �o�m�t�‹

�|�‰�o �|�‹�r�;�v �o�= �u�o�|�-�|�o�u�v �P�• �-�m�7 �€�Q�7 �-�v �r�u�;�v�;�m�|�;�7 �b�m �
�b�]�†�u�;�~�‚�: �
�b�]�†�u�;�~�ƒ�v�_�o�‰�v �- �v�m�-�r�v�_�o�| �o�= �-�m

�;�Š�r�;�u�b�l�;�m�| �‰�b�|�_ �u�o�|�-�¢�m�] �7�u�o�r�t�;�|�v�:

456 123

4 5 61 2 3

INPUT

OUTPUT

Flow Direction

�
�b�]�†�u�; �~�ƒ�9 �"�m�-�r�v�_�o�|�v �o�= �-�m �;�Š�r�;�u�b�l�;�m�| �v�_�o�‰�b�m�] �-�m �;�Š�-�l�r�t�; �o�= �- �1�-�v�1�-�7�; �o�= �u�o�|�-�|�o�u�v �|�o �b�m�ˆ�;�u�|
�|�_�; �o�u�7�;�u �o�= �;�ˆ�;�u�‹ �v�†�1�1�;�v�v�b�ˆ�; �]�u�o�†�r �o�= �v�b�Š �7�u�o�r�t�;�|�v�:

�‚�:�• ���|�;�u�-�¢�ˆ�; �7�u�o�r�t�;�| �l�-�m�b�r�†�t�-�¢�o�m �v�‹�v�|�;�l �K �1�o�m�1�;�m�|�u�-�¢�o�m�J�o�m�J�7�;�l�-�m�7 �7�;�J

�ˆ�b�1�;

�‚�:�•�:�~ �$�_�; �b�7�;�- �o�= �1�o�m�7�b�¢�o�m�b�m�] �7�u�o�r�t�;�|�v

���m �1�o�l�r�†�|�;�u �v�1�b�;�m�1�;�7 �v�o�t�ˆ�b�m�] �r�u�o�0�t�;�l�v �b�m�ˆ�o�t�ˆ�;�v �r�;�u�=�o�u�l�b�m�] �l�†�t�¢�r�t�;�7 �v�b�l�r�t�; �o�r�;�u�-�¢�o�m�v

�o�m �t�†�-�m�¢�Œ�;�7 �7�-�|�-�: �)�b�|�_ �-�t�]�o�u�b�|�_�l�v �|�_�-�| �†�v�; �|�_�;�v�; �o�r�;�u�-�¢�o�m�v �-�v �- �C�m�b�|�; �v�;�t�†�;�m�1�; �o�= �1�t�;�-�u�t�‹

�7�;�C�m�;�7 �v�|�;�r�v�7 �o�0�|�-�b�m�b�m�] �- �‰�b�7�; �u�-�m�]�; �o�= �u�;�v�†�t�|�v �b�v �r�o�v�v�b�0�t�;�: ���m �-�7�7�b�¢�o�m�7 �-�t�]�o�u�b�|�_�l�v �1�-�m �0�; �b�l�J

�r�t�;�l�;�m�|�;�7 �7�b�u�;�1�|�t�‹ �b�m �-�m �;�t�;�1�|�u�o�m�b�1 �1�b�u�1�†�b�| �o�u �u�;�-�t�b�Œ�;�7 �-�v �- �1�o�l�0�b�m�-�¢�o�m �o�= �- �v�;�t�†�;�m�1�; �o�= �l�b�1�u�o�J

�b�m�v�|�u�†�1�¢�o�m�v �‰�b�|�_ �- �u�;�t�-�¢�ˆ�;�t�‹ �v�b�l�r�t�; �v�;�t�†�;�m�¢�-�t �t�o�]�b�1 �7�;�ˆ�b�1�;�7 �|�_�; �v�o�J�1�-�t�t�;�7 �l�b�1�u�o�J�r�u�o�]�u�-�l�l�-�0�t�;

�v�‹�v�|�;�l�: �� �=�;�-�|�†�u�; �o�= �l�b�1�u�o�J�r�u�o�]�u�-�l�l�-�0�t�; �v�‹�v�|�;�l�v �b�v �|�_�;�b�u �v�l�-�t�t �v�b�Œ�; �-�m�7 �v�_�o�u�| �b�m�v�|�u�†�1�¢�o�m �v�;�|�v

�€�•



�• ���ˆ�;�u�ˆ�b�;�‰ �o�= �u�;�v�†�s�|�v

�1�o�l�r�-�u�;�7 �|�o �†�m�b�ˆ�;�u�v�-�t �7�;�ˆ�b�1�;�v �v�†�1�_ �-�v �l�b�1�u�o�r�u�o�1�;�v�v�o�u�v�: ���o�‰�;�ˆ�;�u�7 �|�_�;�v�; �v�‹�v�|�;�l�v �-�u�; �v�r�;�1�b�-�t�t�‹

�7�;�v�b�]�m�;�7 �-�m�7 �o�r�¢�l�b�Œ�;�7 �=�o�u �v�r�;�1�b�C�1 �-�r�r�t�b�1�-�¢�o�m�v�: �	�u�o�r�t�;�| �l�b�1�u�o�Y�†�b�7�b�1 �v�‹�v�|�;�l�v �1�-�m �o�r�;�u�-�|�;

�v�b�l�b�t�-�u�t�‹ �|�o �-�1�_�b�;�ˆ�; �-�| �t�;�-�v�| �v�o�l�; �7�;�]�u�;�; �o�= �-�1�¢�ˆ�b�|�‹ �-�m�7 �;�Š�_�b�0�b�| �v�b�l�b�t�-�u �=�;�-�|�†�u�;�v�: ���m �7�u�o�r�t�;�|

�l�b�1�u�o�Y�†�b�7�b�1�v�7 �l�-�m�‹ �v�b�l�r�t�; �7�u�o�r�t�;�| �o�r�;�u�-�¢�o�m�v�7 �v�†�1�_ �-�v �l�;�u�]�b�m�]�7 �l�b�Š�b�m�]�7 �-�m�7 �v�r�t�b�°�m�]�7 �1�-�m �0�;

�r�u�o�]�u�-�l�l�-�0�t�; �0�‹ �Y�o�‰�v�: ���o�m�|�u�o�t �0�‹ �Y�o�‰�v �u�;�t�†�b�u�;�v �1�o�m�|�u�o�t�t�-�0�t�; �Y�o�‰ �v�o�†�u�1�;�v �o�u �o�|�_�;�u �-�1�|�†�-�|�o�u�v

�-�m�7 �1�o�m�v�|�u�†�1�¢�o�m �o�= �v�†�b�|�-�0�t�; �l�b�1�u�o�Y�†�b�7�b�1 �m�;�|�‰�o�u�h�v �‰�_�o�v�; �b�m�|�;�u�m�-�t �v�|�-�|�;�v �7�;�r�;�m�7 �o�m �7�u�o�r�t�;�|

�b�m�|�;�u�-�1�¢�o�m�v �‰�b�|�_ �l�b�1�u�o�Y�†�b�7�b�1 �v�|�u�†�1�|�†�u�;�v �-�m�7 �|�_�; �Y�o�‰ �v�;�t�†�;�m�1�;�v �†�v�;�7�: ���o�u�;�o�ˆ�;�u�7 �-�m �-�‚�u�-�1�J

�¢�ˆ�; �-�r�r�u�o�-�1�_ �b�v �|�o �1�_�-�m�]�; �- �m�;�‰ �b�m�|�;�u�m�-�t �v�|�-�|�; �b�m �|�_�; �v�‹�v�|�;�l �0�‹ �1�_�-�m�]�b�m�] �|�_�; �7�b�u�;�1�¢�o�m �o�= �|�_�;

�1�o�m�¢�m�†�o�†�v �o�u �7�u�o�r�t�;�| �r�_�-�v�; �Y�o�‰�: �� �m�;�‰ �b�m�|�;�u�m�-�t �v�|�-�|�; �]�;�m�;�u�-�|�;�7 �0�‹ �v�‰�b�|�1�_�b�m�] �Y�o�‰ �7�b�u�;�1�¢�o�m �b�v

�-�t�t�o�‰�;�7 �0�‹ �b�m�|�u�o�7�†�1�b�m�] �m�o�m�t�b�m�;�-�u�b�¢�;�v �0�‹ �l�b�1�u�o�Y�†�b�7�b�1 �|�u�-�r�v �0�†�b�t�| �‰�b�|�_ �0�‹�r�-�v�v �v�t�b�|�v �-�m�7 �o�0�v�|�-�1�t�;�v�:

���m ���u�¢�1�t�;�	 �7 �� �7�;�ˆ�;�t�o�r�;�7 �- �l�b�1�u�o�Y�†�b�7�b�1 �7�;�ˆ�b�1�; �|�_�-�| �u�;�-�t�b�Œ�;�7 �|�_�; �-�0�o�ˆ�; �1�o�m�1�;�r�| �o�= �l�b�1�u�o�r�u�o�J

�]�u�-�l�l�b�m�] �|�o �1�u�;�-�|�; �7�u�o�r�t�;�| �1�o�m�1�;�m�|�u�-�¢�o�m�v�: �� �-�t�v�o �7�;�ˆ�;�t�o�r�;�7 �-�m �-�t�]�o�u�b�|�_�l �0�‹ �‰�_�b�1�_ �-�u�0�b�|�u�-�u�‹

�7�u�o�r�t�;�| �1�o�m�1�;�m�|�u�-�¢�o�m�v �1�o�†�t�7 �0�; �o�0�|�-�b�m�;�7�7 �r�;�u�=�o�u�l�;�7 �;�Š�r�;�u�b�l�;�m�|�v �†�v�b�m�] �b�|�7 �-�m�7 �ˆ�-�t�b�7�-�|�;�7 �|�_�;

�]�;�m�;�u�-�|�;�7 �7�u�o�r�t�;�| �1�o�m�1�;�m�|�u�-�¢�o�m�v�: �
�o�u�l�b�m�] �7�u�o�r�t�;�|�v �‰�b�|�_ �7�b�@�;�u�;�m�| �1�o�m�1�;�m�|�u�-�¢�o�m�v �†�v�;�7 �- �v�;�| �o�=

�0�-�v�b�1 �7�u�o�r�t�;�| �o�r�;�u�-�¢�o�m�v�: �$�_�; �o�r�;�u�-�¢�o�m�v �b�m�1�t�†�7�;�7 �]�;�m�;�u�-�¢�m�] �7�u�o�r�t�;�|�v �o�= �†�m�b�=�o�u�l �v�b�Œ�;�7 �l�;�u�]�b�m�]

�|�‰�o �7�u�o�r�t�;�|�v �b�m�|�o �o�m�; �7�o�†�0�t�;�J�v�b�Œ�;�7 �7�u�o�r�t�;�|�7 �l�b�Š�b�m�] �|�_�; �1�o�m�|�;�m�|�v �o�= �|�_�; �u�;�v�†�t�¢�m�] �t�o�m�] �7�u�o�r�t�;�|�7

�-�m�7 �v�r�t�b�°�m�] �|�_�; �t�o�m�] �7�u�o�r�t�;�| �b�m�|�o �|�‰�o �7�u�o�r�t�;�|�v �o�= �†�m�b�=�o�u�l �v�b�Œ�;�: ���m�; �o�= �|�_�; �†�m�b�=�o�u�l�t�‹ �v�b�Œ�;�7

�7�u�o�r�t�;�|�v �‰�b�|�_ �- �m�;�‰ �1�o�m�1�;�m�|�u�-�¢�o�m �1�o�†�t�7 �0�; �†�v�;�7 �b�m �|�_�; �m�;�Š�| �b�|�;�u�-�¢�o�m �o�u �1�o�†�t�7 �0�; �v�;�m�| �|�o �|�_�;

�v�‹�v�|�;�l�=�v �o�†�|�r�†�|�7 �‰�_�b�t�; �|�_�; �o�|�_�;�u �7�u�o�r�t�;�| �1�o�†�t�7 �0�; �v�;�m�| �|�o �|�_�; �‰�-�v�|�; �1�o�t�t�;�1�|�o�u �-�m�7 �;�f�;�1�|�;�7 �=�u�o�l

�|�_�; �v�‹�v�|�;�l�: �)�_�;�m �1�o�l�0�b�m�;�7 �‰�b�|�_ �- �v�†�b�|�-�0�t�; �-�t�]�o�u�b�|�_�l�7 �|�_�; �]�b�ˆ�;�m �v�;�| �o�= �=�†�m�7�-�l�;�m�|�-�t �o�r�;�u�-�¢�o�m�v

�1�o�†�t�7 �1�u�;�-�|�; �7�u�o�r�t�;�|�v �|�_�-�| �1�o�l�r�u�b�v�;�7 �- �l�b�Š�|�†�u�; �o�= �|�‰�o �0�-�v�; �t�b�t�†�b�7�v �b�m �-�m�‹ �7�;�v�b�u�;�7 �r�u�o�r�o�u�¢�o�m�:

���m �|�_�b�v �v�‹�v�|�;�l�7 �-�m �b�m�r�†�| �7�u�o�r�t�;�| �b�v �]�;�m�;�u�-�|�;�7 �=�u�o�l �o�m�; �o�= �|�‰�o �0�-�v�; �t�b�t�†�b�7�v�9 �r�†�u�; �v�o�t�ˆ�;�m�| �o�u

�0�-�v�b�1 �u�;�-�]�;�m�| �v�o�t�†�¢�o�m�: �$�_�; �b�m�r�†�| �u�;�-�]�;�m�| �1�o�m�1�;�m�|�u�-�¢�o�m �m�o�u�l�-�t�b�Œ�;�v �|�_�; �1�o�m�1�;�m�|�u�-�¢�o�m �o�= �|�_�;

�b�m�r�†�| �7�u�o�r�t�;�|�v �-�m�7 �-�m�‹ �7�u�o�r�t�;�|�v �b�m �v�†�0�v�;�t�†�;�m�| �b�|�;�u�-�¢�ˆ�; �1�‹�1�t�;�v�: �$�_�; �m�o�u�l�-�t�b�Œ�-�¢�o�m �0�‹ �|�_�; �b�m�r�†�|

�1�o�m�1�;�m�|�u�-�¢�o�m �‹�b�;�t�7�v �- �7�b�l�;�m�v�b�o�m�t�;�v�v �1�o�m�1�;�m�|�u�-�¢�o�m �o�= �|�_�; �b�m�r�†�| �7�u�o�r�t�;�|�v �;�t�†�-�t �|�o �} �P�=�o�u �7�u�o�J

�r�t�;�|�v �o�= �r�†�u�; �v�o�t�ˆ�;�m�|�Q �o�u �~ �P�=�o�u �7�u�o�r�t�;�|�v �o�= �|�_�; �0�-�v�b�1 �u�;�-�]�;�m�| �v�o�t�†�¢�o�m�Q�: ���v�v�†�l�b�m�] �o�r�;�u�-�¢�o�m �o�m

�†�m�b�=�o�u�l�t�‹ �v�b�Œ�;�7 �7�u�o�r�t�;�|�v�7 �;�-�1�_ �m�;�‰ �1�o�m�1�;�m�|�u�-�¢�o�m �1�u�;�-�|�;�7 �b�v �|�_�; �-�u�b�|�_�l�;�¢�1 �-�ˆ�;�u�-�]�; �0�;�|�‰�;�;�m
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�b�m�|�o �†�m�b�=�o�u�l�t�‹ �v�b�Œ�;�7 �7�u�o�r�t�;�|�v�: �� �r�†�l�r �‰�b�|�_ �o�b�t �b�v �1�o�m�m�;�1�|�;�7 �|�o �o�m�; �1�_�-�m�m�;�t �‰�b�|�_ �- �1�o�m�¢�m�†�o�†�v
�r�_�-�v�;�7 �7�;�r�;�m�7�b�m�] �o�m �|�_�; �v�;�t�;�1�|�;�7 �l�o�7�; �o�= �o�r�;�u�-�¢�o�m�: �P�$�_�b�v �]�u�-�r�_�b�1 �b�v �-�m �;�Š�1�;�u�r�| �=�u�o�l �- �C�]�†�u�;
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Abstract. Multiple pipetting is a standard laboratory procedure resulting in the compartmentalisation of a liquid sample. Microfluidics of-
fers techniques which can replace this process by the use of tiny droplets. Passive manipulation on droplets is an interesting and promising 
approach for the design of microfluidic devices which on one hand are easy-to-use and on the other, execute complex laboratory procedures. 
We present a comprehensive study of the geometry of microfluidic components which encode different operations on droplets into the struc-
ture of the device. The understanding of hydrodynamic interactions between the continuous flow and a droplet travelling through confined 
space of nontrivial microfluidic geometries is crucial for a rational and efficient design of new generation of modular microfluidic processors 
with embedded instructions.

Key words: microfluidics, two-phase flows, droplets.

Investigations of modular microfluidic geometries  
for passive manipulations on droplets

D. ZAREMBA1, S. BLONSKI1, M. JACHIMEK1, M.J. MARIJNISSEN1,  
S. JAKIELA2, and P.M. KORCZYK1*

1�,�Q�V�W�L�W�X�W�H���R�I���)�X�Q�G�D�P�H�Q�W�D�O���7�H�F�K�Q�R�O�R�J�L�F�D�O���5�H�V�H�D�U�F�K�����3�R�O�L�V�K���$�F�D�G�H�P�\���R�I���6�F�L�H�Q�F�H�V�����3�D�Z�L���V�N�L�H�J�R�����%���6�W���������������������:�D�U�V�D�Z�����3�R�O�D�Q�G 
2�'�H�S�D�U�W�P�H�Q�W���R�I���%�L�R�S�K�\�V�L�F�V�����:�D�U�V�D�Z���8�Q�L�Y�H�U�V�L�W�\���R�I���/�L�I�H���6�F�L�H�Q�F�H�V�������������1�R�Z�R�X�U�V�\�Q�R�Z�V�N�D���6�W�������%�X�L�O�G�L�Q�J�������������������������:�D�U�V�D�Z�����3�R�O�D�Q�G

Point of Care devices. Hence the development of such sys-
tems with a wide range of liquid handling protocols remains 
one of the important motivations of microfluidics. Some in-
�W�H�U�H�V�W�L�Q�J���V�R�O�X�W�L�R�Q�V���H�[�L�V�W�����H���J�����S�D�S�H�U���E�D�V�H�G���P�L�F�U�R�I�O�X�L�G�L�F�V���>�����@����
�V�O�L�S���F�K�L�S�V���>�����@�����R�U���J�H�R�P�H�W�U�L�F���P�R�G�X�O�H�V���I�R�U���G�H�V�L�U�H�G���R�S�H�U�D�W�L�R�Q�V���R�Q��
�P�L�F�U�R�G�U�R�S�O�H�W�V���>�����±�����@�����+�R�Z�H�Y�H�U�����W�K�H���V�L�P�S�O�L�F�L�W�\���R�I���W�K�H���X�V�D�J�H��
is always achieved by sacrificing accuracy, the throughput 
and internal complexity. In order to overcome these obstacles, 
the next generation of lab-on-a-chip devices may contain em-
�E�H�G�G�H�G���F�R�Q�W�U�R�O�V���R�Q���W�K�H���F�K�L�S���L�Q�V�W�H�D�G���R�I���H�O�H�F�W�U�R�Q�L�F�V���>�������������@��

�,�Q�� �W�K�H�� �S�U�H�Y�L�R�X�V�� �S�X�E�O�L�F�D�W�L�R�Q���� �.�R�U�F�]�\�N�� �H�W�� �D�O���� �>�����@�� �V�K�R�Z�H�G��
examples of passive microfluidic modules called microfluidic 
�W�U�D�S�V�����7�K�H�V�H���W�U�D�S�V���Z�H�U�H���E�X�L�O�W���E�D�V�H�G���R�Q���W�Z�R���N�L�Q�G�V���R�I���E�D�V�L�F���J�H-
ometries: obstacles and slit-bypasses. Modifications of these 
elements and their different combinations allowed to construct 
traps with such functions as i) metering prescribed volume of 
a droplet; ii) immobilization of a droplet; iii) combining con-
�V�H�F�X�W�L�Y�H���G�U�R�S�V�����7�K�H���R�W�K�H�U���S�X�E�O�L�F�D�W�L�R�Q���E�\���Y�D�Q���6�W�H�L�M�Q���H�W���D�O�����>�����@��
demonstrated the use of slit bypasses in a construction of so-
�F�D�O�O�H�G���E�O�R�F�N���D�Q�G���E�U�H�D�N���G�U�R�S�O�H�W���J�H�Q�H�U�D�W�R�U�����7�K�H�V�H���S�X�E�O�L�F�D�W�L�R�Q�V��
presented the potential of the new approach to the construction 
�R�I���I�X�Q�F�W�L�R�Q�D�O���P�L�F�U�R�I�O�X�L�G�L�F���P�R�G�X�O�H�V�����+�R�Z�H�Y�H�U�����W�K�H�U�H���L�V���D���O�D�F�N��
of comprehensive analysis of principal mechanisms. So far 
�U�D�W�K�H�U���R�Q�O�\���L�Q�W�X�L�W�L�Y�H���U�H�P�D�U�N�V���D�E�R�X�W���W�K�H���R�S�H�U�D�W�L�R�Q���R�I���V�H�O�H�F�W�H�G��
modules have been discussed. Our recent observations showed 
that the behaviour of droplets in some microfluidic geometries 
may be counter-intuitive. Hence, the intuitive approach to the 
design of passive elements may cost numerous failed trials and 
resources. Therefore, effective applications of this technology 
require detailed investigations on mechanisms ruling movement 
�R�I���G�U�R�S�O�H�W�V���L�Q���Q�R�Q�W�U�L�Y�L�D�O���J�H�R�P�H�W�U�L�H�V���>�����@��

The crucial role in the understanding of those mechanisms 
plays the confinement of flows of two liquid phases and the 

1. Introduction

�0�R�G�H�U�Q���D�Q�D�O�\�W�L�F�D�O���P�H�W�K�R�G�V�����O�L�N�H���H���J�����G�L�J�L�W�D�O���3�&�5�����R�I�W�H�Q���U�H�T�X�L�U�H��
execution of complex algorithms on numerous compartments 
�R�I���D���V�D�P�S�O�H���>���@�����,�Q���W�K�L�V���F�R�Q�W�H�[�W�����W�K�H���P�L�F�U�R�I�O�X�L�G�L�F���W�H�F�K�Q�R�O�R�J�\���L�V��
highly desirable, as it offers precise handling of small amounts 
of liquids, allows for parallelisation, integration and automation 
�R�I���P�X�O�W�L�S�O�H���S�U�R�F�H�V�V�H�V���L�Q���D���V�L�Q�J�O�H���G�H�Y�L�F�H���>���������@�����,�Q���S�D�U�W�L�F�X�O�D�U�����W�K�H��
�X�V�H���R�I���L�P�P�L�V�F�L�E�O�H���O�L�T�X�L�G�V���D�O�O�R�Z�V���I�R�U���J�H�Q�H�U�D�W�L�R�Q���>���@���D�Q�G���P�D�Q�L�S-
�X�O�D�W�L�R�Q���>���@���R�Q���V�P�D�O�O���G�U�R�S�O�H�W�V�����'�U�R�S�O�H�W�V���L�Q���P�L�F�U�R�I�O�X�L�G�L�F���F�K�D�Q�Q�H�O�V��
may be considered as isolated biochemical reactors, where each 
single droplet has a specific composition of reagents or biolog-
�L�F�D�O���F�R�Q�W�H�Q�W���>���������@�����7�K�D�W���S�U�R�Y�L�G�H�V���L�Q�F�U�H�G�L�E�O�H���R�S�S�R�U�W�X�Q�L�W�L�H�V���I�R�U��
performing a large number of chemical reactions or biological 
experiments at the same time with very small consumption of 
�U�H�D�J�H�Q�W�V���D�Q�G���V�D�P�S�O�H�V���>���������@��

The ability to manipulate droplets in microfluidic devices 
is crucial for precise control over the composition of such 
micro-reactors. The current state of microfluidic technology 
enables to perform such operations as: droplet generation, 
merging, splitting, moving, positioning by the use of active 
�F�R�Q�W�U�R�O�O�H�U�V���H���J�����H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���Y�D�O�Y�H�V���>���±�����@��

The potential of the active techniques in automation of 
�G�U�R�S�O�H�W�� �W�U�D�I�I�L�F�� �F�R�Q�W�U�R�O�� �L�V�� �L�P�S�U�H�V�V�L�Y�H�� �>���@���� �+�R�Z�H�Y�H�U���� �W�K�H�\�� �U�H-
quire the use of multiple connections and active components 
such as precise valves and electronics. That increases technical 
complexity and the cost of the whole setup, which inhibits the 
application of those solutions in simple in use and inexpensive 

* �H���P�D�L�O�����S�L�R�W�U���N�R�U�F�]�\�N�#�L�S�S�W���S�D�Q���S�O
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confinement of the interface between them. This is the fas-
cinating aspect of two phase flows in microfluidic channels. 
Microfluidics offers the unique situation when the height of 
�W�K�H���F�K�D�Q�Q�H�O���L�V���O�R�Z�H�U���W�K�D�Q���W�K�H���F�D�S�L�O�O�D�U�\���O�H�Q�J�W�K�����P�D�N�L�Q�J���J�U�D�Y�L�W�\��
negligible. Droplets larger than the cross-section of the channel 
are squeezed between walls of the channel and form elongated 
plugs. If the vertical dimension of that cross-section is lower 
than the capillary length, the shape of a confined droplet is 
determined only by geometrical constrictions of the solid walls 
and by the Laplace-Young equation which describes the dif-
ference in the pressure sustained across the curved interface 
between two immiscible liquid phases:

� � � 'pL�Ó= �Ó�J( 1
R1

�Ó+ �Ó1
R2

)  (1)

where �J is the coefficient of surface tension and R1 and R2 are 
principal radii of curvature. In a static droplet both pressures, in-
side and outside of a droplet are constant and homogeneous. Thus 
the Laplace pressure drop is constant over the whole interface.

In this paper we consider droplets, which do not wet the 
walls of the channel (contact angle equals 180�q). This condition 
is commonly obtained by the use of surface modifications and 
additions of surfactants. For the simplicity of calculations we 
can assume that the tips of the non-wetting droplet form hemi-
spherical caps of both principal radii equal W/ 2. Hence the La-
place pressure drop at the tips is given by: �' pLT�Ó= �Ó�J(2/W�Ó+ �Ó2/W) 
(see Fig. 1a). Further, we assume that in the internal part of 
a droplet, between its cups, radius of the curvature of the in-
terface in the direction along the axis of the channel goes to 
infinity. Thus, the Laplace pressure in the internal part can be 
described as: �' pLI�Ó= �Ó�J/Rg

, where Rg is a radius of curvature for 
the cross-section of a droplet in the internal part. Equating above 

formulas for �' pLT�Ó= �Ó�' pLI, one can obtain Rg�Ó= �ÓW/ ��. This implies 
that a droplet in the channel leaves the corners filled by the con-
tinuous phase. These corners, so-called gutters, form channels 
parallel to the droplet, through which the continuous phase can 
�I�O�R�Z���D�U�R�X�Q�G���D���G�U�R�S�O�H�W���>�����@�����7�K�L�V���D�S�S�U�R�[�L�P�D�W�H�G���V�K�D�S�H���R�I���D���G�U�R�S�O�H�W��
is confirmed by the observations and numerical simulations of 
a droplet squeezed in a square-shaped channel (see Fig. 1). It is 
worth noticing that the equilibrium shape depends only on the 
dimensions of the channel and is not affected by the value of �J.

In the presence of a constant flow of continuous phase in 
�D���U�H�J�X�O�D�U���F�K�D�Q�Q�H�O���D���S�O�X�J���O�L�N�H���G�U�R�S�O�H�W���P�R�Y�H�V���Z�L�W�K���F�R�Q�V�W�D�Q�W���V�S�H�H�G��
�>�������������@�����,�Q���W�K�H���S�U�H�Y�L�R�X�V���S�D�S�H�U���>�����@�����Z�H���V�K�R�Z�H�G���W�K�D�W���V�R�P�H���D�G-
ditional geometrical components modifying the geometry of 
a channel can be effectively used to disturb this movement in 
a controlled manner.

�/�H�W���X�V���F�R�Q�V�L�G�H�U���W�Z�R���N�L�Q�G�V���R�I���J�H�R�P�H�W�U�L�F�D�O���F�R�P�S�R�Q�H�Q�W�V�����D���E�\-
pass slit and an obstacle, which put together forms the so-called 
metering trap. A bypass slit is a niche of the height equal to 
Rg�Ó= �ÓW/ �� placed at the top of the main channel (see Fig. 2) 

Fig. 2. The metering trap: a) 3-D visualisation of the trap with the 
�F�R�Q�V�W�U�X�F�W�L�R�Q���H�O�H�P�H�Q�W�V���O�L�N�H���V�O�L�W���E�\�S�D�V�V�H�V���D�Q�G���D�Q���R�E�V�W�D�F�O�H���K�L�J�K�O�L�J�K�W�H�G����
b) top-view of the trap, c) and d) cross-sections through planes AB 
and CD as described in b). The schematic shapes of droplets in the 
cross-sectional picture show that the droplet needs to generate finger of 
the curvature much higher than the mean curvature of the static droplet 
to penetrate the slits of bypasses or to pass through the obstacle. e) 
Consecutive snapshots illustrating the main functionality of the trap. 
The long droplet enters a trap and is divided into two parts. One of 

them is immobilised in the trap, while the other one goes further

Fig. 1. The shape of a droplet confined in the channel of a rectangular 
cross-section: a) a micrograph of the real droplet in the channel of the 
�Z�L�G�W�K�����������Pm, b) and c) the simulation of the shape of a droplet in the 
�V�T�X�D�U�H���F�U�R�V�V���V�H�F�W�L�R�Q���F�K�D�Q�Q�H�O���P�D�G�H���E�\���W�K�H���X�V�H���R�I���6�X�U�I�D�F�H���(�Y�R�O�Y�H�U���>�����@����
The empty corners (gutters) are visible with the radius of curvature of 

the interface Rg�Ó= �ÓW/ ��

a)

b) c)

a)

c)

e)

b)

d)
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which increases the area of the cross-section of the channel. 
The height of the bypass equal to the radius of curvature for 
the interface in gutters, ensures that the shape of a static droplet 
is not affected by the presence of this slit. Indeed, the bypass 
slit is an additional narrow channel, which enlarges the gutter. 
�6�L�P�L�O�D�U�O�\�����O�L�N�H���L�Q���W�K�H���U�H�J�X�O�D�U���V�T�X�D�U�H���F�K�D�Q�Q�H�O�����W�K�H���F�R�U�Q�H�U�V���F�D�Q�Q�R�W��
be occupied by the static droplet. The role of these additional 
slits is to enhance the bypass flow of continuous phase.

The other geometrical element we used for the construction 
of our traps is an obstacle in the main channel, which locally 
decreases the lumen of the channel. To go across the obstacle, 
a droplet needs to create a tip with a higher curvature than the 
curvature in the rest of the channel. This means that additional 
pressure must be applied to let the droplet pass the barrier. As 
we have shown before, the combinations of traps allowed for 
encoding of a digital sequence of operations on droplets. This 
allowed for a controlled exchange of mass between droplets 
generating desired distributions of compound concentrations 
�>�����@���� �'�H�V�S�L�W�H�� �W�K�H�� �S�U�H�Y�L�R�X�V�� �S�X�E�O�L�F�D�W�L�R�Q�� �G�H�V�F�U�L�E�L�Q�J�� �W�U�D�S�V�� �D�Q�G��
�Z�K�R�O�H���F�R�P�S�O�H�[���V�\�V�W�H�P�V���R�I���W�U�D�S�V�����W�K�H�U�H���L�V���V�W�L�O�O���D���O�D�F�N���R�I���N�Q�R�Z�O-
edge about their principal mechanisms. At this point, there are 
�R�Q�O�\���V�R�P�H�����U�D�W�K�H�U���L�Q�W�X�L�W�L�Y�H���U�H�P�D�U�N�V���D�E�R�X�W���W�K�H���R�S�H�U�D�W�L�R�Q���R�I���W�U�D�S�V����
which allowed to design a few types of traps through trial and 
error. The further development of this very promising method 
requires detailed fundamental investigations.

Here we propose a comprehensive approach that gives in-
sight into mechanisms which are responsible for the specific 
features of traps. We conducted our analysis on the example of 
the metering trap. We present the results of both experimental 
and numerical investigations and show the complex interactions 
between the droplet and the flow of the continuous phase altered 
by the confined geometry of the metering trap. The gathered 
�N�Q�R�Z�O�H�G�J�H�� �L�V�� �Y�L�W�D�O�� �I�R�U�� �W�K�H�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �W�K�H�� �S�U�L�Q�F�L�S�O�H�� �R�I��
passive structures.

2. Materials and methods

The microfluidic devices were fabricated of a transparent poly-
�F�D�U�E�R�Q�D�W�H�� �S�O�D�W�H�� ���%�D�\�H�U���� �0�D�N�U�R�O�R�Q�Š�� �*�3���� �*�H�U�P�D�Q�\���� �R�I�� �����P�P��
�W�K�L�F�N�Q�H�V�V�� �Y�L�D�� �G�L�U�H�F�W�� �P�L�O�O�L�Q�J�� �X�V�L�Q�J�� �D���&�1�&�� �P�L�O�O�L�Q�J���H�Q�J�U�D�Y�L�Q�J��
�P�D�F�K�L�Q�H�����(�U�J�Z�L�Q�G���� �0�)�*���������3���� �3�R�O�D�Q�G������ �'�X�U�L�Q�J���W�K�H���P�L�O�O�L�Q�J��
process a polycarbonate plate was fastened to the perforated 
vacuum table of the CNC machine by applying underpressure 
�����������E�D�U�������J�H�Q�H�U�D�W�H�G���E�\���D���Y�D�F�X�X�P���S�X�P�S�����$�*�$���/�D�E�R�U�����%�D�V�L�F����������
Poland), which ensured the high precision of mounting of 
milled material in the Z axis. A 2-flute fishtail milling bit FR208 
�R�I���G�L�D�P�H�W�H�U�����������Pm was used for engraving the channels. For 
the optimization of the fabrication process, the diameter of the 
milling tool was set to the width of the main channel W. The 
half of that diameter sets the minimal radius of the curvature 
which can be engraved in the plane of the device. In conse-
quence of that geometrical constraint, both faces of the ob-
stacle must be round (with radius equal W/ 2) and concave (see 
Fig. 2). This shape is compatible with the round and convex 
shape of the tip of a droplet, which is as well determined by the 
width of the channel. Engraved structures were cleaned out with 

�D���K�L�J�K���S�U�H�V�V�X�U�H���Z�D�W�H�U���Z�D�V�K�H�U�����.�D�U�F�K�H�U�����.�����3�U�H�P�L�X�P�����*�H�U�P�D�Q�\����
and further washed by hand with isopropanol. In the next step, 
channels were closed by bonding the milled chip with another 
polycarbonate plate with the use of a heating press (Argenta, 
�$�:�������� �3�R�O�D�Q�G���� �D�W���D���W�H�P�S�H�U�D�W�X�U�H���R�I�� �������qC and a pressure of 
0.1 barcm�±�������7�K�H���F�K�L�S���Z�D�V���N�H�S�W���L�Q���W�K�H���S�U�H�V�V���D�W���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H��
for about 30 minutes, then allowed to cool down all the time 
under pressure. Before the bonding procedure the holes of di-
ameter 800 �Pm were drilled through one of the plates to form 
inlets and outlet to the channels of the milled device. Pieces 
of cut needles of the outer diameter 800 �Pm (Braun, Sterican, 
�*�H�U�P�D�Q�\�����Z�H�U�H���I�L�[�H�G���L�Q�W�R���W�K�H���L�Q�O�H�W���D�Q�G���R�X�W�O�H�W���K�R�O�H�V���D�Q�G���X�V�H�G��
to enable tight connection with elastic tubing.

�7�K�H���Q���+�H�[�D�G�H�F�D�Q�H������%�����$�O�I�D���$�H�V�D�U�����*�H�U�P�D�Q�\�����Z�D�V���X�V�H�G��
as the continuous phase (CP) and distilled water coloured 
�Z�L�W�K���L�Q�N�����3�H�O�L�N�D�Q���������������*�H�U�P�D�Q�\�����Z�D�V���X�V�H�G���D�V���D���G�U�R�S�O�H�W���S�K�D�V�H��
���'�3�������7�K�H���V�X�U�I�D�F�W�D�Q�W�����6�S�D�Q�����������)�O�X�N�H���$�Q�D�O�\�W�L�F�D�O�����*�H�U�P�D�Q�\�����Z�D�V��
added to the n-Hexadecane with concentration of about 0.2% to 
avoid the wetting of the walls of channels by the droplets. The 
�Q���+�H�[�D�G�H�F�D�Q�H���G�H�Q�V�L�W�\���L�V���������������J �P�O�±�� and dynamic viscosity 
�L�V�����������������P�3�D �V���D�W�������qC. Interfacial tension between n-Hexa-
�G�H�F�D�Q�H���D�Q�G���Z�D�W�H�U���L�V�����������������1 �P�±���Ô§ 0.0002 measured by the 
pendant drop method.

Experiments consisted mainly of visual observations of 
flows in fabricated transparent microfluidic devices. Liquids 
were pumped by precise and pulsation-free syringe pumps 
���Q�H�0�(�6�<�6���� �&�H�W�R�Q�L�� �*�P�E�+���� �H�T�X�L�S�S�H�G�� �Z�L�W�K�� ���������P�O�� �V�\�U�L�Q�J�H�V��
made of borosilicate glass with a PTFE plunger (ILS Innova-
�W�L�Y�H���/�D�E�R�U���6�\�V�W�H�P�H���*�P�E�+�������6�\�U�L�Q�J�H�V���Z�H�U�H���F�R�Q�Q�H�F�W�H�G���Z�L�W�K���W�K�H��
microfluidic device using polyethylene tubing with inner and 
�R�X�W�H�U�� �G�L�D�P�H�W�H�U�� �H�T�X�D�O�� �W�R�� �����������P�P�� �D�Q�G�� �����������P�P���� �U�H�V�S�H�F�W�L�Y�H�O�\��
���,�Q�W�U�D�P�H�G�L�F�Š�����%�H�F�W�R�Q���'�L�F�N�L�Q�V�R�Q���&�R���������'�U�R�S�O�H�W�V���D�U�H���F�U�H�D�W�H�G���Z�L�W�K��
the use of a T-junction geometry. The flow rate of the CP was 
�����������P�O �K�±�� both for droplet creation and its displacement.

Flows investigated in the microfluidic device were visual-
�L�V�H�G���X�V�L�Q�J���D���+�X�Y�L�W�]���+�6�=���������7�5���V�W�H�U�H�R�V�F�R�S�H���H�T�X�L�S�S�H�G���Z�L�W�K��������£  
�R�E�M�H�F�W�L�Y�H���D�Q�G���,�'�6���8�,�������������/�(���&���+�4���G�L�J�L�W�D�O���F�D�P�H�U�D�����5�H�F�R�U�G�H�G��
images were stored on a PC computer for further analysis.

Velocity field of the flow of the CP through the trap was 
determined using particle image velocimetry technique (PIV) 
�>�������������@�����7�K�H���D�Q�D�O�\�V�H�G���I�O�R�Z���Z�D�V���V�H�H�G�H�G���E�\���J�O�D�V�V���V�S�K�H�U�H�V�����W�U�D�F�H�U��
particles) with a diameter of 12 �Pm and density similar to the 
liquids, to minimise buoyancy effects. Images were regis-
tered using the pco.1200hs high speed digital camera (PCO 
�,�P�D�J�L�Q�J�����D�Q�G���1�L�N�R�Q���(�F�O�L�S�V�H���(�������L���P�L�F�U�R�V�F�R�S�H���H�T�X�L�S�S�H�G���Z�L�W�K��
an 10£ / ���������R�E�M�H�F�W�L�Y�H�����1�L�N�R�Q���/�8���3�O�D�Q���)�O�X�R�U�������&�K�D�U�D�F�W�H�U�L�V�W�L�F�V��
�R�I���W�K�H���U�H�F�R�U�G�L�Q�J���V�\�V�W�H�P���S�U�R�Y�L�G�H�G���������������S�L�[�H�O/ mm resolution 
of the captured images. The recording framerate was set to 
�������Å���������I�S�V�����G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���I�O�R�Z���Y�H�O�R�F�L�W�\�����W�R���H�Q�V�X�U�H���W�K�H���G�L�V-
�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���W�U�D�F�H�U���S�D�U�W�L�F�O�H�V���L�Q���W�K�H���U�D�Q�J�H���R�I�������Å�������S�L�[�H�O�V���E�H-
tween sequential frames. The appropriately short exposure time 
(100 �Ps) prevented blurring of the images of tracer particles 
due to their motion. The evaluation of images was performed 
�X�V�L�Q�J���W�K�H���F�R�P�P�H�U�F�L�D�O���V�R�I�W�Z�D�U�H���9�L�G�3�,�9�����,�/�$���*�P�E�+�������7�R���R�E�W�D�L�Q��
instantaneous velocity fields, cross-correlation was applied with 
the interrogation window 128£ 128 pixels and spatial window 
separation equal to 32 pixels in both directions, X and Y. After 
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this preliminary evaluation, a local median velocity filter was 
applied to compare each vector with a median of the nearest 
neighbours (i§ 2) and errors were removed. Filtered out wrong 
vectors were replaced with vectors determined as an interpo-
lated value of neighbours (i§ 2). In the second, final step of 
evaluation, adaptive cross-correlation (interrogation window 
equal to 128£ 128 pixels and spatial window separation equal 
to 16 pixels in both directions) and a local median filter were 
applied. As a result we obtain more than 1000 instantaneous 
velocity fields for the whole process of droplet flow through 
the trap.

�:�H���X�V�H�G���W�K�H���0�X�O�W�L�V�N�D�Q���*�R���0�L�F�U�R�S�O�D�W�H���6�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U��
(Thermo Scientific) to measure the absorbance of the mixture 
�F�R�O�O�H�F�W�H�G���L�Q���W�K�H���3�0�0�$���8�9���F�X�Y�H�W�W�H�V�����%�5�$�1�'�����*�H�U�P�D�Q�\�����Z�L�W�K��
�D���P�L�Q�L�P�X�P���I�L�O�O�L�Q�J���Y�R�O�X�P�H���R�I�����������P�O�����7�K�H���T�X�D�Q�W�L�W�\���Z�D�V���P�H�D-
sured directly with the use of the spectrophotometer was absor-
�E�D�Q�F�H�����Z�K�L�F�K���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���%�H�H�U�±�/�D�P�E�H�U�W���O�D�Z���L�V���S�U�R�S�R�U�W�L�R�Q�D�O��
to concentration. So the ratio of flows was estimated directly as 
�W�K�H���U�D�W�L�R���R�I���D�E�V�R�U�E�D�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W�V�����7�K�L�V���P�D�N�H�V���W�K�H���H�V�W�L�P�D-
tion independent from possible fluctuations of starting concen-
tration. In all presented experiments we used as an indicator so-
�G�L�X�P���S�\�U�X�Y�D�W�H�����6�L�J�P�D���$�O�G�U�L�F�K�����*�H�U�P�D�Q�\�����L�Q���D�T�X�H�R�X�V���V�R�O�X�W�L�R�Q��
with starting concentration C0�Ó= �Ó���������P�P�R�O �O�±��. As the buffer 
liquid we used distilled water.

For the numerical analysis of the motion of droplets, the 
�Y�R�O�X�P�H���R�I���I�O�X�L�G�� ���9�2�)���� �P�R�G�H�O�� �>�����@�� �L�P�S�O�H�P�H�Q�W�H�G�� �L�Q���$�1�6�<�6��
Fluent was used to simulate the interactions between two liquid 
phases. This technique uses the finite volume method to solve 
�W�K�H���1�D�Y�L�H�U���6�W�R�N�H�V���H�T�X�D�W�L�R�Q�V���Z�L�W�K���D�Q���D�G�G�L�W�L�R�Q�D�O���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q��
function �D�����Z�K�L�F�K���W�D�N�H�V�������I�R�U���R�Q�H���R�I���W�K�H���S�K�D�V�H�V�����D�Q�G�������I�R�U���W�K�H��
other. Th evolution of the interface is introduced by the trans-
port equation:

 
�w�D
�wt

�Ó+ �Ó�’ �Ó¢�Ó(u�D)�Ó= �Ó�� �� (2)

where u���±���I�O�X�L�G���Y�H�O�R�F�L�W�\���Y�H�F�W�R�U�����7�K�H���G�H�Q�V�L�W�\���D�Q�G���Y�L�V�F�R�V�L�W�\���R�I��
the fluid are obtained as:

� � � U�Ó= �Ó�D�U1�Ó+ �Ó(���Ó¡ �Ó�D)�U2, (3)

� � � P�Ó= �Ó�D�P1�Ó+ �Ó(���Ó¡ �Ó�D)�P2.�� ������

�7�K�H���U�H�P�D�L�Q�L�Q�J���H�T�X�D�W�L�R�Q�V���D�U�H���W�K�H���L�Q�F�R�P�S�U�H�V�V�L�E�O�H���1�D�Y�L�H�U���6�W�R�N�H�V��
equations:

� � � ’�Ó¢�Óu�Ó= �Ó�� ���� ������

 

�w�Uu
�wt

�Ó+ �Ó�’ �Ó¢�Ó(�Uuu)�Ó= �Ó�±�’ p�Ó+ �Ó�’ �Ó¢�Ó[�P(�’ u�Ó+ �Ó�’ uT)]�Ó+

�Ó+ �Ó�’ �Ó¢�Ó(�Uuu)�Ó= �Ó+ �Ó�J
pkn

1
2 (�U1�Ó+ �Ó�U2)

,
 (6)

where p���±���S�U�H�V�V�X�U�H���D�Q�G��t���±���W�L�P�H�����7�K�H���O�D�V�W���W�H�U�P���L�Q���W�K�H���P�R�P�H�Q�W�X�P��
equation refers to the surface tension. In it �J, k and n represent 
the surface tension coefficient, the curvature and the surface 

normal, respectively. A variable time stepping method was 
used allowing the time step to be changed between 1£ 10�±�� s 
and 1£ 10�±�� s, predominantly the time step oscillated around 
������£ 10�±�� s. To ensure correct representation of the droplet 
shape and its movement, the computational mesh should have at 
least 20£ 20 regular elements in the cross-section of the central 
channel, in the plane perpendicular to the droplet movement. 
This leads to the entire domain, showed in Fig. 3, consisting of 
�����������������I�L�Q�L�W�H���Y�R�O�X�P�H�V�����7�K�H���X�V�H���R�I���D���U�D�U�H�U���P�H�V�K���Z�R�X�O�G���F�D�X�V�H��
interface dispersion.

Fig. 3. The mesh used in the simulations. a) an overview of the whole 
domain with a droplet inside. b) close-up on the trap itself. The 
composition of two horizontal cross-sections of the simulation mesh 
�W�D�N�H�Q�� �D�W�� �W�Z�R�� �G�L�I�I�H�U�H�Q�W�� �K�H�L�J�K�W�V���� �7�K�H�� �W�R�S�� �S�D�U�W�� �±�� �D�W�� �K�D�O�I�� �R�I�� �W�K�H�� �K�H�L�J�K�W��
of the domain (below the bypasses, the obstacle visible), the bottom 
�S�D�U�W���±���D�W���K�D�O�I���R�I���W�K�H���K�H�L�J�K�W���R�I���W�K�H���E�\�S�D�V�V�H�V�����W�K�H���R�E�V�W�D�F�O�H���L�Q�Y�L�V�L�E�O�H�������7�K�H��
�F�R�O�R�X�U�V���U�H�S�U�H�V�H�Q�W���W�K�H���Y�R�O�X�P�H���I�U�D�F�W�L�R�Q���R�I���W�K�H���G�U�R�S�O�H�W�����E�O�X�H�Ó= �Ó�G�U�R�S�O�H�W������

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

b)

a)

3. Results

3.1. Experimental observations of kinetics. Herein we present 
the experimental analysis of two distinguished examples of flow 
of droplets through the metering trap. In the first one, we con-
sidered a short droplet (of the length not longer than the length 
of a trap LT�����V�H�H���)�L�J�������������,�Q���W�K�H���R�W�K�H�U���F�D�V�H�����Z�H���L�Q�Y�H�V�W�L�J�D�W�H�G���W�K�H��
flow of a long droplet (of the length longer than LT�����V�H�H���)�L�J������������
In both cases, we used the same metering trap. The flow of 
a droplet was driven by the flow of CP pumped into the micro-
fluidic device with a constant flow rate QC�Ó= �Ó�����������P�O �K�±��. It is 
worth noting that the use of syringe pumps ensured the constant 
flow rate regardless of fluctuations of pressure generated by 
the droplet travelling through the trap. Before the experiments, 
droplets had been formed in the T-junction by the injection of 
the desired volume of droplet phase followed by the switching 
on of the continuous phase’s flow.
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3.1.1. A short droplet case. The previous observations showed 
that a droplet which the length is not longer than the internal 
length of the trap LT becomes immobilised in the metering trap 
�>�����@�����7�K�L�V���S�U�R�F�H�V�V���L�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���W�K�H���V�Q�D�S�V�K�R�W�V�����)�L�J�������D�������:�H���F�D�Q��
see that first the droplet approaches the trap from the left side 
driven by the constant flow of the CP and finally stops in the 
trap regardless the fact that the flow of the CP is still the same.

For a better understanding of the spontaneous transition 
from the initially unsteady flow to finally steady flow, we con-
�G�X�F�W�H�G���D���V�H�U�L�H�V���R�I���R�E�V�H�U�Y�D�W�L�R�Q�V���R�I���W�K�H���N�L�Q�H�W�L�F�V�����7�K�H���T�X�D�Q�W�L�W�D-
tive description of the process is provided by the conducted 
measurements. By the use of high-speed cameras and image 

processing, we measured the position of the front of a droplet 
XF���D�Q�G���W�K�H���S�R�V�L�W�L�R�Q�V���R�I���L�W�V���E�D�F�N��XR in time. Simultaneously we 
measured the velocity field in the bypasses with the use of the 
PIV technique. In the plot we present the normalised variables: 
xF�Ó= �ÓXF/ LT, xR�Ó= �ÓXR/ LT. The value VB was obtained by spatial 
averaging of the component of the velocity field parallel to the 
main channel in the bypasses. Then the normalised value vB 
was calculated dividing VB by VBfinal���±���W�K�H���W�L�P�H���D�Y�H�U�D�J�H���R�I��VB 
for a stationary flow after the droplet finally stops in the trap. 
In this final configuration the VB reaches its maximum value, 
hence the maximum level of vB�Ó= �ÓVB/ VBfinal is approximately 
equal to unity.

�)�L�J�����������7�K�H���N�L�Q�H�W�L�F�V���R�I���W�K�H���I�O�R�Z���L�Q���W�K�H���F�D�V�H���R�I���D���V�K�R�U�W���G�U�R�S�O�H�W���H�Q�W�H�U�L�Q�J���W�K�H���P�H�W�H�U�L�Q�J���W�U�D�S�����D�����&�R�Q�V�H�F�X�W�L�Y�H���V�Q�D�S�V�K�R�W�V���V�K�R�Z�L�Q�J���W�K�H���P�R�Y�L�Q�J���G�U�R�S�O�H�W��
�L�Q���G�L�I�I�H�U�H�Q�W���V�W�D�J�H�V���D�Q�G���W�K�H���V�F�K�H�P�D�W�L�F���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���W�K�H���I�O�R�Z���S�D�W�W�H�U�Q���R�I���F�R�Q�W�L�Q�X�R�X�V���S�K�D�V�H�����E�����7�K�H���P�H�D�V�X�U�H�P�H�Q�W���R�I���W�K�H���P�D�L�Q���N�L�Q�H�W�L�F���T�X�D�Q�W�L�W�L�H�V����
xF���±���S�R�V�L�W�L�R�Q���R�I���W�K�H���I�U�R�Q�W���R�I���W�K�H���G�U�R�S�O�H�W����xR���±���S�R�V�L�W�L�R�Q���R�I���W�K�H���E�D�F�N���R�I���W�K�H���G�U�R�S�O�H�W����vB���±���D�Y�H�U�D�J�H���Y�H�O�R�F�L�W�\���R�I���W�K�H���&�3���L�Q���W�K�H���E�\�S�D�V�V���V�O�L�W�����7�K�H���H�V�W�L�P�D�W�H�G��
errors of measurements of vB displayed as the accompanying wide grey line. The errors of other quantities were of the order of widths of the 
�G�L�V�S�O�D�\�H�G���O�L�Q�H�V�����F�����±���H�����(�[�S�H�U�L�P�H�Q�W�D�O���Y�L�V�X�D�O�L�]�D�W�L�R�Q���R�I���I�O�R�Z���S�D�W�W�H�U�Q�V���L�Q���W�K�H���E�\�S�D�V�V�H�V���L�Q���G�L�I�I�H�U�H�Q�W���V�W�D�J�H�V�����F�����±���S�H�U�L�R�G��! I and stage I, d) period 
I ! II, e) stage II and period II! �����7�K�H���W�R�S���E�\�S�D�V�V�H�V���±���W�U�D�F�H�V���R�I���S�D�U�W�L�F�O�H�V�����W�K�H���E�R�W�W�R�P���E�\�S�D�V�V�H�V���±���Y�H�O�R�F�L�W�\���I�L�H�O�G�V���P�H�D�V�X�U�H�G���E�\���3�,�9�����1�R�W�H���G�L�I�I�H�U�H�Q�W��
scaling of vectors in the visualisation of different stages. For comparison, the same vector of the constant length VBfinal is displayed below in 

the scale of the corresponding velocity field

(a)

(c) (d) (e)

(b)
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On the base of measurements the process can be disassem-
bled into three particular periods with two critical stages be-
tween them: stage I, when the front of the droplet reaches the 
entrance of the trap (xF�Ó= �Ó��) and stage II, when the front of the 
droplet reaches the obstacle (xF�Ó= �Ó��). At stage II the front of the 
droplet stops at the obstacle. In this moment, due to the short 
length of the droplet equal (or shorter) to the length of the trap 
LT, the whole droplet is inside the trap: the front of the droplet 
touches the obstacle (xF�Ó= �Ó��)�� �D�Q�G���L�W�V���E�D�F�N��(xR�Ó< = �Ó��) opens 
the entrance to the bypasses for the flow of the CP. After that, 
the flow of the CP around the immobilised droplet becomes 
stationary.

Our observations showed that before a droplet enters the 
�W�U�D�S�� ���V�W�D�J�H�Ó! �Ó�,���� �L�W�� �P�R�Y�H�V�� �Z�L�W�K�� �D���F�R�Q�V�W�D�Q�W�� �V�S�H�H�G�� �D�Q�G�� �W�K�H�� �R�E-
served flow in the bypasses is as well constant. Between stage 
I and stage II the droplet enters into the trap. The flow in the by-
�S�D�V�V�H�V���G�H�F�U�H�D�V�H�V�����7�K�L�V���P�H�D�Q�V���W�K�D�W���W�K�H���G�U�R�S�O�H�W���H�I�I�L�F�L�H�Q�W�O�\���E�O�R�F�N�V��
the inflow of the CP into the bypasses. Once the front of the 
droplet reaches the barrier (xF�Ó= �Ó��) the droplet stops and vB 
reaches its maximum value. After stage II the flow becomes 
stationary, where the droplet is immobilised in the trap and 
the entire flow of the CP flows around the droplet through the 
bypasses.

These observations show the interactions between the flows 
of the two phases in the confined geometry of the trap. Until 
stage I the flow of the CP in the trap is stationary with the 
main flow through the central channel and a minor flow passing 
through the bypasses. In the period between stage I and stage II 
the droplet effectively switches off the CP flow through the by-
passes. It is worth noting, that the flow topology of this period 
differs from that of other periods. The significant distinction 
is the presence of additional single circulation zones in each 
�R�I�� �W�K�H���E�\�S�D�V�V�H�V�� �D�S�S�H�D�U�L�Q�J�� �E�H�K�L�Q�G���W�K�H���O�L�Q�H���P�D�U�N�L�Q�J�� �W�K�H���I�U�R�Q�W��
�R�I���W�K�H���G�U�R�S�O�H�W�����V�H�H���)�L�J�������D���D�Q�G���G�������:�K�L�O�H���W�K�H���G�U�R�S�O�H�W���F�R�Q�W�L�Q�X-
ously moves forward, the circulation zone (with zero average 
velocity) enlarges. The consequence of that is the gradual fall of 
the average velocity in the bypass vB�����V�H�H���)�L�J�������E�������$�I�W�H�U���V�W�D�J�H���,�,��
�W�K�H���E�D�F�N���R�I���W�K�H���G�U�R�S�O�H�W���V�W�R�S�V���L�Q���V�X�F�K���D���S�R�V�L�W�L�R�Q�����W�K�D�W���R�S�H�Q�V���D���Z�D�\��
for the CP into the bypasses and the flow of the CP around the 
droplet becomes mainly unidirectional and much larger than 
before stage I. This trap construction utilizes the barrier to hold 
the droplet in place. It is possible because the viscous pressure 
drop (due to the flow of the CP around the droplet) is smaller 
�W�K�D�Q���W�K�H���F�D�S�L�O�O�D�U�\���E�U�H�D�N�W�K�U�R�X�J�K���S�U�H�V�V�X�U�H�����U�H�T�X�L�U�H�G���W�R���P�R�Y�H���W�K�H��
droplet across the barrier).

3.1.2. A long droplet case. In this case we consider the move-
ment of a droplet of the length 2LT�� �±�� �D���G�R�X�E�O�H�� �O�H�Q�J�W�K�� �R�I�� �W�K�H��
�W�U�D�S�����:�H�� �D�Q�D�O�\�]�H�G�� �W�K�H�� �N�L�Q�H�W�L�F�V�� �R�I�� �W�K�H�� �S�U�R�F�H�V�V���� �O�L�N�H�Z�L�V�H�� �D�V�� �L�Q��
the previous example, measuring such variables as: xF, xR and 
vB�� ���V�H�H�� �W�K�H�� �L�Q�V�H�W�� �L�Q�� �)�L�J�������D������ �8�Q�O�L�N�H�� �D�V�� �I�R�U�� �D���V�K�R�U�W�� �G�U�R�S�O�H�W���� �L�Q��
the case of the long one, we observed that the droplet tempo-
�U�D�U�L�O�\���H�[�S�D�Q�G�V���S�H�Q�H�W�U�D�W�L�Q�J���W�K�H���V�O�L�W�V���R�I���W�K�H���G�H�Y�L�F�H�����)�L�J�������E�������7�R��
�W�D�N�H���W�K�D�W���L�Q�W�R���D�F�F�R�X�Q�W���Z�H���L�Q�W�U�R�G�X�F�H�G���W�Z�R���D�G�G�L�W�L�R�Q�D�O���P�H�D�V�X�U�H�G��
variables WN and WI. WN���L�V���W�K�H���Z�L�G�W�K���R�I���W�K�H���V�R���F�D�O�O�H�G���Q�H�F�N�����V�H�H��
�W�K�H���L�Q�V�H�W���L�Q���)�L�J�������D�������7�K�H���Q�H�F�N���I�R�U�P�V���Z�K�H�Q���D���G�U�R�S�O�H�W���L�V���S�D�V�V�L�Q�J��
across the barrier. It is a liquid bridge connecting two parts of 

the droplet on two sides of the barrier. The plotted value of the 
�Z�L�G�W�K���R�I���W�K�H���Q�H�F�N���Z�D�V���Q�R�U�P�D�O�L�]�H�G���E�\���W�K�H���Z�L�G�W�K���R�I���W�K�H���F�K�D�Q�Q�H�O����
wN�Ó= �ÓWN/ W. WI is the width of the side intrusions of a droplet 
�S�H�Q�H�W�U�D�W�L�Q�J���L�Q�W�R���W�K�H���E�\�S�D�V�V�H�V�����7�K�H���Y�D�O�X�H���S�O�R�W�W�H�G���L�Q���)�L�J�������D���Z�D�V��
calculated by averaging the width of intrusions from both sides 
of a droplet and normalised by WB���±���W�K�H���Z�L�G�W�K���R�I���W�K�H���E�\�S�D�V�V����
wI�Ó= �ÓWI/ WB.

On the base of observations and the evolution of measured 
�Y�D�U�L�D�E�O�H�V���Z�H���G�L�V�W�L�Q�J�X�L�V�K�H�G�������F�U�L�W�L�F�D�O���V�W�D�J�H�V���R�I���W�K�H���S�U�R�F�H�V�V�����W�K�D�W��
we describe below. In stage I the front of the droplet reaches the 
entrance to the trap (xF�Ó= �Ó��). In stage II the tip of the droplet 
reaches the obstacle (xF�Ó= �Ó��) ���� �:�L�W�K�L�Q�� �W�K�H�� �S�H�U�L�R�G�� ���,�±�,�,���� �W�K�H��
�G�U�R�S�O�H�W���E�O�R�F�N�V���W�K�H���I�O�R�Z���R�I���W�K�H���F�R�Q�W�L�Q�X�R�X�V���S�K�D�V�H���W�R���W�K�H���E�\�S�D�V�V�H�V����
what can be observed in the measurements of vB. Until stage II 
the case of the long droplet is similar to the case of the shorter 
droplet. Just after stage II the front of the droplet is held by the 
obstacle (xF�Ó= �Óconst�Ó= �Ó��)�����Z�K�L�O�H���W�K�H���E�D�F�N�����L�Q���W�K�H���L�Q�O�H�W���F�K�D�Q�Q�H�O����
is still effectively pushed by the flow of the CP. The squeezed 
�G�U�R�S�O�H�W���L�V���I�R�U�F�H�G���W�R���S�H�Q�H�W�U�D�W�H���W�K�H���E�\�S�D�V�V�H�V�����Z�K�L�F�K���L�V���P�D�U�N�H�G���E�\��
the rise of wI. In stage III we observe the critical point, where 
the continuously pushed droplet starts to penetrate the slit over 
the obstacle (rise of xF�������'�X�U�L�Q�J���W�K�H���S�H�U�L�R�G���,�,�,�Ó! �Ó�,�9�����W�K�H���I�U�R�Q�W��
of a droplet (xF�Ó> �Ó��) starts to move passing across the obstacle 
�D�Q�G���G�H�Y�H�O�R�S�L�Q�J���W�K�H���Q�H�F�N��(wN�Ó> �Ó��). In stage IV both the width 
�R�I�� �W�K�H�� �Q�H�F�N��wN and the intrusions to the bypasses wI reach 
their maximum values. The front of the droplet has passed the 
obstacle and starts to move with a constant speed in the outlet 
channel (linear growth of xF).

�6�W�D�J�H���9���±���W�K�H���E�D�F�N���R�I���W�K�H���G�U�R�S�O�H�W���U�H�D�F�K�H�V���W�K�H���H�Q�W�U�D�Q�F�H���W�R��
the trap (xR�Ó= �Ó��) and allows the CP access to the bypasses. The 
�I�R�U�F�H���S�X�V�K�L�Q�J���W�K�H���E�D�F�N���R�I���W�K�H���G�U�R�S�O�H�W���G�U�R�S�V���U�D�S�L�G�O�\���D�Q�G���W�K�H���E�D�F�N��
of the droplet stops (xR�Ó= �Óconst�Ó= �Ó��). After stage V the intru-
sions of the droplet in the bypasses (wI ) recede and are being 
replaced by an incoming flow of the CP. This generates the flow 
of the DP through the obstacle inflating the part of the droplet 
�D�W���W�K�H���I�U�R�Q�W�����,�Q���V�W�D�J�H���9�,���W�K�H���G�U�R�S�O�H�W���Q�H�F�N���V�W�D�U�W�V���V�K�U�L�Q�N�L�Q�J����wN 
�G�H�F�U�H�D�V�H�V�����D�Q�G���I�L�Q�D�O�O�\���E�U�H�D�N�V���L�Q���V�W�D�J�H���9�,�,��(wN�Ó= �Ó��). This results 
in the division of the droplet into two separate parts. One of 
�W�K�H�P���L�V���N�H�S�W���L�P�P�R�E�L�O�L�V�H�G���L�Q���W�K�H���W�U�D�S���D�Q�G���W�K�H���U�H�V�W���R�I���W�K�H���G�U�R�S�O�H�W��
continues the movement with a constant speed.

�7�K�H�V�H���R�E�V�H�U�Y�D�W�L�R�Q�V���R�I���N�L�Q�H�W�L�F�V���V�K�R�Z���W�K�D�W���W�K�H���F�R�Q�I�L�Q�H�G���I�O�R�Z��
of both phases directly depends on the current position of both 
the front xF���D�Q�G���W�K�H���E�D�F�N��xR of a droplet. The different stages 
with the different morphology of flow fields are triggered re-
spectively to the position of a droplet relative to the geometry of 
a trap. Hence the length of a droplet and the geometry of a trap 
are crucial for the functionality of a trap and their behaviour can 
be tailored by the proper use of different elements.

Better insight into the dynamics of this process can be pro-
vided by numerical simulations, as presented in the next sub-
section.

3.2. Volume of fluid simulation. We performed numerical sim-
ulations of the partitioning process of the long droplet (double 
of the length of a trap LT) in the metering trap. The simula-
tion domain consisted of a complete 3D geometry of the trap 
identical to the design used in the experiments. The input and 
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�)�L�J�����������7�K�H���D�Q�D�O�\�V�L�V���R�I���W�K�H���N�L�Q�H�W�L�F�V���L�Q���W�K�H���F�D�V�H���R�I���W�K�H���S�D�V�V�D�J�H���R�I���D���O�R�Q�J���G�U�R�S�O�H�W���W�K�U�R�X�J�K���W�K�H���P�H�W�H�U�L�Q�J���W�U�D�S�����D�����W�K�H���W�L�P�H���S�O�R�W���R�I���P�H�D�V�X�U�H�G���N�L�Q�H�W�L�F��
characteristics as shown in the inset; vB���±���D�Y�H�U�D�J�H���Y�H�O�R�F�L�W�\���R�I���W�K�H���&�3���L�Q���W�K�H���E�\�S�D�V�V���V�O�L�W�����7�K�H���H�V�W�L�P�D�W�H�G���H�U�U�R�U�V���R�I���P�H�D�V�X�U�H�P�H�Q�W�V���R�I��vB displayed 
as the accompanying wide grey line. The errors of other quantities were of the order of widths of displayed lines. b) consecutive snapshots 

recorded during experimental observation

a)

b)
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output channels in the simulations, on the one hand, they were 
shortened to minimize the size of the domain and optimize the 
computation time, on the other hand, were sufficiently long to 
enable the observation of the whole investigated process with 
all the critical stages. The simulation domain is shown in snap-
shots in Fig. 6b. The constant rate of flow of the CP was fixed at 
the inlet of the device, what simulate the use of syringe pumps 
in experiments.

The numerical simulations reveal the same main feature of 
the metering trap as observed in the experiments. A droplet is 
partitioned into two parts, where one of them is immobilized 
in the trap. The comparison of snapshots from simulation and 
experiments reveals some quantitative differences visible in 
shapes of the bypass intrusions in stages from III to V (com-
�S�D�U�H���V�Q�D�S�V�K�R�W�V���L�Q���)�L�J�������E���D�Q�G���)�L�J�������E�������7�K�H�\���Z�H�U�H���F�D�X�V�H�G���E�\��
the imperfections introduced during the fabrication process of 
the real device. During the bonding, the high temperature and 
pressure caused the slight collapse of bypasses in the central 
region of the trap. So the extent of intrusion of the real droplet 
in the central part of bypasses is lower than in the case of the 
simulation. Regardless those discrepancies between experiment 
and simulations, we can distinguish in both situations the same 
stages of the process. What is more important by the mean of 
simulations we can analyze the evolution of the pressure in 
the inlet of the computational domain. In the system driven 
by a constant flow-rate, the pressure may evolve due to the 
changes of the hydraulic resistance of the flow. Fig. 6a presents 
the evolution of the pressure difference �' p between the inlet 
and the outlet of the device.

The pressure starts to grow very fast after stage II. We can 
�V�H�H���L�Q���)�L�J�������D���W�K�D�W���W�K�H���S�H�U�L�R�G���,�,�Ó! �Ó�,�,�,���F�D�Q���E�H���G�L�Y�L�G�H�G���L�Q�W�R���W�Z�R��
distinct parts with different pressure rise rates. We interpret 

�W�K�H���I�L�U�V�W���S�D�U�W���D�V���W�K�H���I�D�V�W���E�X�L�O�G���X�S���R�I���W�K�H���E�U�H�D�N�W�K�U�R�X�J�K���S�U�H�V�V�X�U�H��
required for the penetration of the slit. In order, to penetrate 
the narrow slit a droplet needs to develop the interface with the 
radius of curvature equal to half of the height of the slit (see the 
inset with the cross-section of the trap in Fig. 6a. In the second 
part, during the expansion of the droplet into the bypasses the 
curvature of the interface grows only in the horizontal plane 
(curvature and its changes are much lower than in the vertical 
plane), which results in a much lower slope, which is illustrated 
in the corresponding inset in Fig. 6a.

Between stage III and stage IV, the pressure grows fast and 
reaches its maximum value. That jump of pressure corresponds 
�W�R�� �W�K�H�� �E�U�H�D�N�W�K�U�R�X�J�K�� �S�U�H�V�V�X�U�H�� �I�R�U�� �W�K�H�� �R�E�V�W�D�F�O�H���� �,�Q�� �W�K�H�� �S�H�U�L�R�G��
�,�,�,�Ó! �Ó�,�9���W�K�H���G�U�R�S�O�H�W���G�H�Y�H�O�R�S�V���W�K�H���Q�H�F�N���D�Q�G���W�K�H�Q�����L�Q���W�K�H���S�H�U�L�R�G��
�9�Ó! �Ó�9�,���� �J�U�R�Z�V�� �E�H�K�L�Q�G�� �W�K�H�� �E�D�U�U�L�H�U���� �2�Q�F�H�� �W�K�H�� �Q�H�F�N�� �E�U�H�D�N�V�� �L�Q��
stage VII the pressure grows again reaching the terminal level. 
The terminal pressure is higher than before the entrance of the 
droplet into the trap. This fact can be explained by the change of 
the geometry of the flow of the CP through the trap. The trapped 
droplet occupies the central part of the trap forcing the CP to 
flow entirely through the bypasses. The hydraulic resistance of 
such restricted flow of the CP is higher than the resistance of 
the empty trap. It is very interesting and worth noticing that the 
�S�U�H�V�V�X�U�H���D�I�W�H�U���W�K�H���E�U�H�D�N���X�S���R�I���D���G�U�R�S�O�H�W���L�V���H�Y�H�Q���K�L�J�K�H�U���W�K�D�Q���W�K�H��
pressure during the process of the pumping of a droplet through 
�W�K�H���R�E�V�W�D�F�O�H�����9�Ó! �Ó�9�,����

To understand this fact we should consider the whole pro-
�F�H�V�V���D�J�D�L�Q�����'�X�U�L�Q�J���W�K�H���S�H�U�L�R�G�V���,�,�Ó! �Ó�,�9���W�K�H���S�U�H�V�V�X�U�H���L�V���L�Q�F�U�H�D�V�H�G��
�D�Q�G���W�K�H���S�D�U�W���R�I���W�K�H���Z�R�U�N���H�[�H�U�W�H�G���R�Q���W�K�H���G�H�I�R�U�P�D�W�L�R�Q���R�I���D���G�U�R�S�O�H�W��
is accumulated in the potential energy of shape deformation. 
From stage IV to VI this energy is recovered during the process 
of receding of the droplet from the slits of the bypasses.

Fig. 6. Results of numerical simulations of the process of a droplet passage through the metering trap: a) time plot of pressure difference �' p 
along the device, b) top view of the simulation domain with a contour of the droplet in distinguished stages

(a) (b)
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3.3. Measurements of the hydraulic resistance. As we showed 
�L�Q���W�K�H���S�U�H�Y�L�R�X�V���S�D�S�H�U���>�����@�����W�K�H���P�R�V�W���S�U�R�P�L�V�L�Q�J���S�H�U�V�S�H�F�W�L�Y�H���I�R�U��
the application of traps is to use multiple of them in specially 
designed combinations. Such modular architectures can create 
integrated circuits with embedded algorithms. The design pro-
�F�H�G�X�U�H���R�I���V�X�F�K���F�R�P�S�O�H�[���P�L�F�U�R�I�O�X�L�G�L�F���Q�H�W�Z�R�U�N�V���X�V�X�D�O�O�\���X�W�L�O�L�]�H�V��
�W�K�H���V�R���F�D�O�O�H�G���H�O�H�F�W�U�L�F���F�L�U�F�X�L�W���D�Q�D�O�R�J�\���>�����@�����,�Q���W�K�L�V���D�S�S�U�R�D�F�K�����W�K�H��
distribution of flow between junctions of the microfluidic net-
�Z�R�U�N���L�V���S�U�H�G�L�F�W�H�G���E�\���W�K�H���X�V�H���R�I���W�K�H���H�T�X�L�Y�D�O�H�Q�W���H�O�H�F�W�U�L�F���F�L�U�F�X�L�W�V��
�Z�K�H�U�H���H�D�F�K���S�D�U�W���R�I���W�K�H���Q�H�W�Z�R�U�N���L�V���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���D���F�R�Q�V�W�D�Q�W��
�S�D�U�D�P�H�W�H�U���±���W�K�H���K�\�G�U�D�X�O�L�F���U�H�V�L�V�W�D�Q�F�H��R.

That resistance describes the relationship between the flow-
rate Q and the pressure difference along the fluidic element:

 R�Ó= �Ó�' p/ Q.�� ������

For a Hagen-Poiseuille flow through a regular channel the 
resistance is a function of the dynamic viscosity �P, the length 
of the channel L and its cross-sectional area A:

 R�Ó= �Ó
�D�PL
A2  (8)

where �D is a dimensionless geometrical correction factor, which 
�G�H�S�H�Q�G�V���R�Q���W�K�H���V�K�D�S�H���R�I���W�K�H���F�U�R�V�V���V�H�F�W�L�R�Q���R�I���W�K�H���F�K�D�Q�Q�H�O���>�����@��

The resistance of irregular elements such as the microflu-
�L�G�L�F���W�U�D�S�V���F�D�Q���E�H���H�V�W�L�P�D�W�H�G���Y�L�D���W�K�H���Q�X�P�H�U�L�F�D�O���V�L�P�X�O�D�W�L�R�Q�V���>�����@��
�R�U���P�H�D�V�X�U�H�P�H�Q�W�V���>�������������@�����7�K�H���Q�X�P�H�U�L�F�D�O���V�L�P�X�O�D�W�L�R�Q�V���V�H�H�P���W�R��
be a most convenient tool, however, it is often very difficult to 
include all imperfections of the fabrication procedure as well as 
�W�K�H���P�D�W�H�U�L�D�O���S�U�R�S�H�U�W�L�H�V���>�����@�����+�H�Q�F�H���W�K�H���P�H�D�V�X�U�H�P�H�Q�W�V���R�I���W�K�H���K�\-
draulic resistance of irregular elements are of high importance. 
According to the equation, it can be done by the measurement of 

the pressure difference �' p. However, the integration of pressure 
�V�H�Q�V�R�U�V���Z�L�W�K���W�K�H���G�H�Y�L�F�H���L�V���W�H�F�K�Q�L�F�D�O�O�\���F�K�D�O�O�H�Q�J�L�Q�J���>�����@���D�Q�G���W�K�H��
accuracy of this method is limited by a relatively low pressure 
drop generated by microfluidic elements and the sensitivity of 
�V�H�Q�V�R�U�V�����7�K�H���D�O�W�H�U�Q�D�W�L�Y�H���P�H�W�K�R�G���S�U�H�V�H�Q�W�H�G���E�\���&�K�R�L���H�W���D�O�����>�����@��
consists of microscopic observations of the interface between 
parallel flows in a specially designed device.

In this paper, we present our original approach towards the 
estimation of the resistance. The advantage of the proposed 
method is the use of the spectrophotometric measurements of 
the concentration of the indicator dye in a microfluidic device 
consisting of the investigated resistance and the reference re-
sistance. The main part of the resistance comparator constitutes 
�R�I���D���U�H�F�W�D�Q�J�O�H���Z�L�W�K���U�H�S�O�L�F�D�W�H�G���U�H�V�L�V�W�L�Y�H���H�O�H�P�H�Q�W�V�����)�L�J�������H�������(�D�F�K��
side of the rectangle consists of a number of reproduced and 
serially connected elements of the same geometry. The opposite 
sides of the rectangle are identical. One pair of the opposite 
�V�L�G�H�V���F�R�Q�V�L�V�W�V���R�I���W�K�H���U�H�S�O�L�F�D�W�H�G���J�H�R�P�H�W�U�\���R�I���X�Q�N�Q�R�Z�Q���U�H�V�L�V�W�D�Q�F�H��
Rx, while the other pair consists of the replicated reference ge-
ometry of resistance Rref. The reference geometry was just the 
�U�H�J�X�O�D�U���U�H�F�W�D�Q�J�X�O�D�U���F�K�D�Q�Q�H�O�����V�H�H���)�L�J�������D�������:�H���L�Q�Y�H�V�W�L�J�D�W�H�G���W�K�H��
resistances of three different geometries: i) a channel with an 
�R�E�V�W�D�F�O�H�����)�L�J�������E�������L�L�����D���F�K�D�Q�Q�H�O���Z�L�W�K���E�\�S�D�V�V�H�V�����)�L�J�������F�������D�Q�G���L�L�L����
�W�K�H���F�R�P�S�O�H�W�H���P�H�W�H�U�L�Q�J���W�U�D�S�����)�L�J�������G�������7�K�H���I�L�U�V�W���W�Z�R���J�H�R�P�H�W�U�L�H�V��
were the components of the metering trap so that we could 
�D�Q�D�O�\�]�H���U�H�V�L�V�W�D�Q�F�H�V���R�I���W�K�H�P���V�H�S�D�U�D�W�H�O�\�����$�V���V�K�R�Z�H�G���L�Q���)�L�J�������D�±�G��
each single fluidic module consisted of the channel of the length 
equal to ten widths of the channel W. Such modules were rep-
licated in the test device.

Two inlets to each device were placed in the opposite cor-
ners of the rectangle. Importantly, one of the inputs was fed 
with the clear buffer, while the other one with the solution of the 
buffer and the indicator. Two outputs of the device were placed 

�)�L�J�����������7�K�H���P�H�D�V�X�U�H�P�H�Q�W���P�H�W�K�R�G���R�I���K�\�G�U�D�X�O�L�F���U�H�V�L�V�W�D�Q�F�H�����D�����W�K�H���U�H�I�H�U�H�Q�F�H���F�K�D�Q�Q�H�O�����E�����W�K�H���F�K�D�Q�Q�H�O���R�Q�O�\���Z�L�W�K���R�E�V�W�D�F�O�H�����F�����W�K�H���F�K�D�Q�Q�H�O���R�Q�O�\���Z�L�W�K��
bypass, d) the channel with full metering trap, e) the device used to measurement of hydraulic resistance

a)

b)

c)

d)

e)
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in the other pair of diagonal corners. Thus the device posses the 
symmetry concerning the rotation by an angle of 180�q.

�,�Q�� �R�U�G�H�U�� �W�R�� �R�E�W�D�L�Q�� �W�K�H�� �V�D�P�H�� �V�\�P�P�H�W�U�\�� �R�I�� �I�O�R�Z�V���� �Z�H�� �W�R�R�N��
care to ensure the uniform conditions at both inlets, as well as 
uniform conditions at both outlets. If all these conditions are 
satisfied the input streams of equal flow rates Q are divided at 
the input junctions in the same proportions, each of them into 
two flows Q1 and Q2. Then they meet at the outputs so that the 
flow Q2 of the buffer mixes with the flow of the indicator Q1 in 
�W�K�H���U�L�J�K�W���E�R�W�W�R�P���F�R�U�Q�H�U�����U�H�O�D�W�L�Y�H���W�R���W�K�H���)�L�J�������F�������,�Q���W�K�H���R�S�S�R�V�L�W�H��
corner, the flow of buffer Q1 mixes with the flow of indicator 
Q2. The output concentration of the indicator in both outputs 
C1 and C2 are simply given by ratios of flows:

 C1�Ó= �ÓC0
Q1

Q
, (9)

 C2�Ó= �ÓC0
Q2

Q
, (10)

where C0 is the initial concentration of the indicator introduced 
�L�Q�W�R���W�K�H���L�Q�O�H�W���R�I���W�K�H���G�H�Y�L�F�H�����7�K�H���H�T�X�D�W�L�R�Q�������L�P�S�O�L�H�V��

 n1Rref�Ó= �Ó�' p1/ Q1, (11)

 n2Rx�Ó= �Ó�' p2/ Q2, (12)

where n1 and n2 are the numbers of replicated resistive ele-
ments. �' p1 and �' p2 are the pressure drops along two types of 
sides of the internal rectangle of the device. Due to the sym-
metry of flows, pressures at both inlet corners are equal as well 
as pressures at both output corners are equal, so: �' p1�Ó= �Ó�' p2. 
If n1�Ó= �Ón2 (in our case n1�Ó= �Ón2�Ó= �Ó���������V�R�O�Y�L�Q�J���H�T�X�D�W�L�R�Q�V�����±�������Z�H��
obtain the ratio of resistances given by the following equation:

 
Rx

Rref 
�Ó= �Ó

Q1

Q2
�Ó= �Ó

C1

C2
. (13)

Equation 13 implies that the measurements of relative resis-
tance requires only measurements of concentrations of the indi-
cator C1, and C2. Due to that fact, the experimental procedure 
for estimation of the resistance is relatively simple. During the 
measurements both liquids were pumped with the same flow 
rates Q�Ó= �Ó�����P�O �K�±�� by the use of syringe pumps. After flushing 
�W�K�H���F�K�D�Q�Q�H�O�V���I�R�U�����Å�����P�L�Q���D�Q�G���H�O�L�P�L�Q�D�W�L�Q�J���W�K�H���E�X�E�E�O�H�V���W�R���V�W�D�E�L-
�O�L�]�H���W�K�H���I�O�R�Z�������������P�O���R�I���W�K�H���V�R�O�X�W�L�R�Q�V���Z�H�U�H���F�R�O�O�H�F�W�H�G���L�Q���W�Z�R���8�9��
spectrophotometric cuvettes via tubing of equal lengths. The 
collecting cuvettes were placed at the same level, which ensured 
equal pressure at both outlets. In order to reduce evaporation 
and changes in the concentration of the liquids the cuvettes were 
closed at the end of every experiments. After that the measure-
ments of concentration from each cuvete were performed by 
the use of a spectrophotometer. Measurements were repeated at 
least 3 times and the averaged results with standard deviation 
calculated for each series are presented in Table 1.

Table 1 
Measurements of the relative resistance Rx/ Rref for selected 

microfluidic geometries: the obstacle, the bypass and the metering 
�W�U�D�S�����V�H�H���)�L�J�������E�±�G��

obstacle only 
(b)

bypass only 
(c)

metering trap 
(d)

Rx/ Rref �������� 0.939 ��������

standard deviation 0.02 0.003 0.01

The results showed the intriguing fact that the addition of 
slit-bypasses to the channel does not change significantly the re-
sistance despite of the increase of the cross-section. In the case 
of the obstacle, on the contrary, even short obstacle, introduces 
a significant rise of resistance. The advantage of the above pro-
posed method is the simplicity of the whole procedure. As the 
spectrophotometer is a very common instrumentation, hence 
�W�K�L�V���P�H�W�K�R�G���F�D�Q���E�H���Z�L�G�H�O�\���D�Y�D�L�O�D�E�O�H���I�R�U���W�K�H���U�H�V�H�D�U�F�K�H�U�V���Z�R�U�N�L�Q�J��
on microfluidics.

We performed additional numerical simulations for the me-
�W�H�U�L�Q�J���W�U�D�S���R�E�W�D�L�Q�L�Q�J���D���Y�D�O�X�H���R�I�������������I�R�U���W�K�H���U�H�O�D�W�L�Y�H���U�H�V�L�V�W�D�Q�F�H��
of the metering trap. It is significantly lower than the value of 
�����������R�E�W�D�L�Q�H�G���L�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�V�����7�K�L�V���G�L�V�F�U�H�S�D�Q�F�\���F�D�Q���E�H���H�[-
plained by the discussed before deformation of a real device 
caused mainly by the bonding procedure. The fabricated device 
is slightly collapsed, what we observed during the investigation 
of the motion of droplets. In the result the resistance of the fabri-
cated device is higher than the design. This shows that although 
the numerical simulations are very valuable for the investigations 
of the principal mechanisms, the more reliable characteristics of 
real systems can be achieved in the course of experiments.

4. Conclusions

In this paper, we presented the comprehensive analysis of the 
movement of a droplet through the complex microfluidic ge-
�R�P�H�W�U�\���±���W�K�H���P�H�W�H�U�L�Q�J���W�U�D�S�����:�H���X�W�L�O�L�V�H�G���D���V�H�W���R�I���V�X�F�K���W�R�R�O�V���D�V��
�L�P�D�J�H���S�U�R�F�H�V�V�L�Q�J�� �E�D�V�H�G���P�H�D�V�X�U�H�P�H�Q�W�V���R�I�� �N�L�Q�H�W�L�F���S�U�R�S�H�U�W�L�H�V����
PIV measurements of velocity fields, the Volume Of Fluid 
simulations and measurements of hydraulic resistance. Those 
tools, coupled together, provide the detailed description of the 
interactions between two immiscible liquid phases altered by 
the geometry of the trap. The above analysis was conducted on 
the example of the metering trap, however, it can be adapted 
to other geometries. The detailed analysis shows the rich com-
plexity of the flow of a droplet confined by solid walls. As we 
expected, during the flow of that droplet through traps struc-
tures the bypasses are activated or deactivated depending on 
the actual position of a droplet. That mechanism can be used in 
triggering specific operation on droplets as merging, splitting 
or trapping. Combinations of such operations enable the design 
of microfluidic architectures with embedded algorithms. The 
understanding of the mechanisms investigated in this paper is 
crucial for the optimisation of hydrodynamic traps and effective 
design of new modules with additional desired features.
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Abstract
We present a novel type of micro�uidic bifurcating junctions which �xes the droplet’s route. Unlike in regular junctions, 
where a droplet chooses one of two outputs depending on the (often instantaneous) �ow distribution, our modi�cations direct 
droplets only to one preferred outlet. As we show, this solution works properly regardless of the variations of �ow distribu-
tion in a wide range of its amplitude. Such modi�ed junctions allow for the encoding of the droplet’s tra�c in the geometry 
of the device. We compare in a series of experiments di�erent junctions having channels of uniform square cross section. 
Our observations revealed that a small, local modi�cation of the junction in the form of an additional shallow slit imposes 
a signi�cant consequence for the �ow of droplets at an entire micro�uidic network’s scale. Another interesting and helpful 
feature of these new junctions is that they keep the integrity of long droplets, unlike regular junctions, which tend to split long 
droplets. Our experimental investigations revealed a complex transformation of the long droplet during its transfer through the 
modi�ed junction. We show that this transformation resembles the Baker’s transform and can be used for the enhancement 
of mixing inside the droplets. Finally, we show two examples of micro�uidic devices where the deterministic character of 
these modi�ed junctions is utilized to obtain new, non-trivial functionalities. This approach can be used for the engineering 
of micro�uidic devices with embedded procedures replacing active elements like valves or magnetic/electric �elds.

Keywords Droplet�· Micro�uidics�· Two-phase�· Manipulations

1 Introduction

Micro�uidic networks create very unique environments for 
droplets. The peculiar character of this micro-world has 
sparked the curiosity of many researchers, which e�orts 
within the last decades opened the way for the development 
of various strategies for droplet manipulation such as gen-
eration (van Steijn et�al. 2013), sorting (Tan et�al. 2007), 
trapping (Huebner et�al. 2009), splitting (Park et�al. 2018) or 
merging (Bremond et�al. 2008). Moreover, droplets can be 
considered as tiny biochemical reactors (Debski et�al. 2018). 

This opens the way for performing a large number of experi-
ments with slight sample usage.

The speci�c character of the micro�uidic environment 
consists in the fact that the diameter of micro�uidic chan-
nels is less than the capillary length. This means that the 
surface force is the dominant one. Droplets larger than the 
diameter of the channel are squeezed by the walls and elon-
gated along the channel axis, forming a plug-like shape. 
Such droplets can be moved by the means of an externally 
controlled �ow of the continuous phase (CP) only in one 
dimension—along the channel’s axis. Thus, the controlling a 
droplet may resemble operating an electric railway toy. This 
way of droplet motion prohibits the spontaneous rearrange-
ment of droplets in their sequence. Therefore, the identity of 
every single droplet can be easily decoded from its position. 
Additionally, the CP separates droplets from each other and 
prevents the cross-contamination of droplets.

More complex operations on the population of drop-
lets such as rearrangement of droplets or redistribution of 
them between multiple branches of micro�uidic networks 
can be done in junctions connecting at least three channels. 
Hence, junctions are often a crucial part of the micro�uidic 
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networks and, as we will show, the geometry of the junctions 
can be of critical importance for the �ow of the droplets.

As previously shown, the droplets crossing a bifurcat-
ing micro�uidic junctions can exhibit complex behaviour. 
Usually, a droplet at a junction either splits into two smaller 
droplets (Link et�al. 2004; Ménétrier-Deremble and Tabe-
ling 2006; Salkin et�al. 2013; Hoang et�al. 2013; Chen and 
Deng 2017; Wang et�al. 2018, 2019) (for long droplets) or 
enters one of the two output microchannels (for short drop-
lets) (Engl et�al. 2005; Jousse et�al. 2006; Schindler and 
Ajdari 2008; Labrot et�al. 2009; Cybulski and Garstecki 
2010; Glawdel et�al. 2011). In the latter, the choice of the 
branch into which the droplet enters is determined by the 
speed and ratio of the outlet �ows. Droplets that previously 
were distributed between di�erent segments of the nontrivial 
network alter locally the hydrodynamic resistance. In con-
sequence, that leads to a feedback mechanism, where the 
direction of a single droplet at the junction depends on the 
state established by previous droplets (Jousse et�al. 2006; 
Cybulski and Garstecki 2010; Glawdel et�al. 2011).

Despite the beauty of periodic or chaotic tra�cking of 
droplets in such systems, in some practical applications, it 
is preferred to make the �ow actively controlled or unam-
biguously determined. The active control on the �ow in a 
junction can be obtained with the use of externally con-
trolled elements as, e.g.: valves (Abate et�al. 2010), magnetic 
(Zhang et�al. 2009) and electric (Baret et�al. 2009) �elds, 
surface acoustic waves (Franke et�al. 2009), electro-wetting 
(Fair 2007). An overview of di�erent available techniques 
has been presented by Pit et�al. (2015).

Besides the solutions supported by active components, 
some interesting constructions of junctions have been devel-
oped for the passive navigation of droplets. Cristobal et�al. 
(2006) proposed an additional bypass between the output 
channels to ensure the equal and regular distribution of drop-
lets between the two outlets. Baig at al. proposed a tertiary-
junction sensitive to the hydrodynamic properties of the �ow 
of small droplets (Baig et�al. 2016). Abbyad et�al. proposed 
the interesting concept of ‘rails’ and ‘anchors’ for guiding 
droplets motion along �ne patterns in channels of the width 
larger than the droplet’s width (Abbyad et�al. 2011).

Passive elements are of importance for the construction 
of micro�uidic droplet systems, where all processes would 
be determined at the design stage. In this vision, the encod-
ing of protocols or algorithms would be possible due to the 
integration of multiple micro�uidics modules with di�er-
ent functionalities. However, the set of available passive 
elements is still not su�cient and it lacks components per-
forming some critical operations. One of them is a guiding 
junction, which (1) �xes the direction of fully con�ned long 
droplets, and (2) keep droplets undivided.

In this work, we propose a simple and robust modi�cation 
of a junction by the use of a bypass slit. This element is a 

shallow groove less than half the height of the channel. As 
we showed in previous publications (van Steijn et�al. 2013; 
Korczyk et�al. 2013; Zaremba et�al. 2018), the bypass slit 
can be used for altering the di�erence between the speed of 
the droplet and the speed of the CP. Due to the change of 
dimensions between the main channel and the bypass, the 
droplet does not penetrate the slit. The penetration would 
require the formation of a high curvature and an increase 
of the surface’s potential energy, which the droplet tends to 
minimize. Thus, the bypasses are available exclusively for 
the �ow of the CP.

Intuitively we can expect that the modi�cation of the 
junction by the addition of a bypass can break the local sym-
metry of the �ow and in consequence can direct a droplet to 
a preferred output. We show that a junction with an added 
bypass is a very robust solution working correctly in a wide 
range of �ow parameters. Interestingly, we observed that 
the kinetic analysis of the droplet’s deformation at the junc-
tion reveals the complex morphological transformation of its 
interior. The proposed solution allows for the manipulation 
on long droplets where the length is several times longer 
than the width of the channels.

Finally, we present some simple examples of the use of 
the modi�ed junctions.

2  Materials and�methods

2.1  Micro�uidic devices fabrication

The microfluidic devices were milled from a transpar-
ent polycarbonate plate using a CNC milling-engraving 
machine. A 2-�ute �shtail milling bit of diameter around 
��� � �  was used to engrave the channels and the slit-
bypasses. Micro�uidic structures were enclosed by bonding 
them with another polycarbonate plate from above at high 
temperature and pressure. The second plate contained the 
holes that were used for inlets and outlets.

A more detailed description can be found in our previ-
ous article where micro�uidic devices were fabricated in a 
similar matter (Zaremba et�al. 2018).

2.2  Fluid-speci�c details

For the CP, we used n-hexadecane 95% (Alfa Aesar, Ger-
many). For the droplet phase, we used distilled water col-
oured with methylene blue. The surfactant (Span-80, Fluke 
Analytical, Germany) was added to the n-hexadecane with 
concentration of about 0.5% to avoid the wetting of the chan-
nel walls by the droplets.

The n-hexadecane density is ����� ����  and its dynamic 
viscosity is ������ ��� �  at �� � �  . The surface tension 
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between the DP and the CP is 5.34 mN/m (after about 45 s 
since the creation of the droplet) measured with the pendant 
drop method using DataPhysics OCA15EC instrument and 
OpenDrop open-source software (Berry et�al. 2015). These 
values were used later in the article to calculate the capil-
lary number.

2.3  Experimental setup and�measurements

Experiments consisted only of visual observations of �ows 
in fabricated transparent micro�uidic devices. All devices 
had the same design shown in Fig.�1a and network struc-
ture shown in Fig.�1b. Each device had their own type of 
junction. The used junctions are shown in Fig.�1c–f. The 
�ows investigated in the micro�uidic device were visual-
ized using a Huvitz HSZ-645TR stereoscope equipped with 
a 0.5x objective and an IDS UI-3274-LE-C-HQ digital 
camera. Recorded images were stored on a PC for further 
analysis. Software written in Python and using OpenCV and 
Trackpy were used for the detection of droplets on sequences 
of images for speed and position estimation.

The velocity �eld of the CP �ow in the bypass was esti-
mated using particle image velocimetry technique (PIV). 
For this analysis, the pco.1200hs high-speed digital cam-
era (PCO Imaging) and Nikon Eclipse E-50i microscope 
equipped with a 10 � /0.3 objective (Nikon LU Plan Fluor) 
were used. The analysed �ow was seeded by glass spheres 
(tracer particles) with a diameter of �� � �  and a density 
similar to the liquids, to minimise buoyancy e�ects. The sus-
pension was obtained by leaving a highly concentrated solu-
tion of particles for a few days in a tall cylinder. Afterwards, 
a syringe was used to extract the solution from the center 
of this cylinder. In this way, a fairly low concentration of 
particles in the liquid was obtained. To increase the number 
of particles in the image, experiments with the same droplet 
and parameters were repeated many times. Next, sequences 
were synchronized and merged in one sequence by the mini-
mization of pixel intensity using ImageJ. Only the bypass 
was analysed using PIV. The binary mask for the analysed 
part of the velocity �eld was created based on the detected 
edges of the image with the use of a raster graphics editor. 
The recording framerate was set to 100 fps with ��� � �  expo-
sure time. To improve the detection of particles in PIV, the 
background was removed and a median �lter and threshold-
ing of images was used. The background was obtained by the 
maximization of pixel intensity in a sequence of images. The 
open-source software OpenPIV-C++ (Taylor et�al. 2010) 
was used to calculate the velocity �eld of the bypass. A win-
dow with 64 pixel of horizontal and vertical size and 50% 
overlap was used for the correlation algorithm.

Liquids were pumped by precise and pulsation-free syringe 
pumps (neMESYS, Cetoni GmbH) equipped with 1.0 ml 
syringes made of borosilicate glass with a PTFE plunger 

(ILS Innovative Labor Systeme GmbH). Syringes were con-
nected with the micro�uidic device using polyethylene tub-
ing with inner and outer diameter equal to 0.76 mm and 1.22 
mm, respectively (Intramedic�  , Becton Dickinson Co.). The 
�ow rates used in our work are in the 0.4–3.6 ml/h (Ca = 
����� � �� � � ��� ������ � �� � �  ) range. Droplets were created 
with the use of a T-junction geometry (area C in Fig.�1a).

2.4  Numerical approach

For the numerical analysis, we used the volume-of-�uid (VOF) 
model to simulate the �ow of the droplets. Additionally, we 
used the species transport model to show the Baker’s trans-
form. All the computations were done with the use of ANSYS 
Fluent software based upon the �nite volume method. The 
basic equations to simulate the �ow are the incompressible 
Navier–Stokes equations:

where � —density, � —�uid velocity vector, t—time and p—
pressure. The last term in the momentum equation refers to 
the surface tension, wherein �  is the surface tension coef-
�cient and �  is the curvature and �  the surface normal vec-
tor. The subscripts in the denominator dictate from which 
phase’s density is used. Additionally, for multiphase �ow, a 
volume fraction function �  is added to the set of equations, 
that takes the value of 0 for one of the phases, and the value 
of 1 for the other.

After obtaining �  in the domain, we can compute the density 
and the viscosity:

The species transport model is governed by the following 
equation:

where � � is the local mass fraction for each species and � � 
is the mass di�usion coe�cient. To show the Baker’s trans-
form, we limited the mass di�usion by applying a value of 
order �� � ��  to its coe�cient. We used a variable time step-
ping method that allowed the simulation to choose a time 
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step between �� � �  and �� � �  s based on the global Courant’s 
number. A computational orthogonal and uniform mesh was 

generated upon the constraints of having at least �� � ��  
elements in the cross section of the channel.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 1  Scheme of the micro�uidic loop-device for the analysis of dif-
ferent constructions of junctions: a the general scheme of the device: 
A—inlet of the continuous phase: B—inlet of the droplet phase, C—
junction for the generation of droplets, D—the section with the loop, 
E—the output; b details of the loop consisting of two identical junc-
tions bifurcating the input �ow into two branches of the same length. 
The loop was constructed to obey the rotational symmetry of ��� �  ; 

di�erent junctions constructions used in this research: c the regular, 
symmetric junction (type J0); d the junction with an additional slit 
in the right output (type J1); e the junction with additional slits in the 
output channel and in the input channel (type J2); f the junction with 
additional slits in the output and two slits on both sides of the input 
channel (type J3)
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3  Results and�discussion

3.1  Observations of�the�e�ect of�modi�cation J1 
on�the��ow of�short�droplets

The various observations con�rmed that in the bifurcating 
junction a single short droplet is directed into the channel 
with the higher �ow velocity (Parthiban and Khan 2013; 
Wang and Vanapalli 2014; Cybulski et�al. 2015). As the 
droplet changes the resistance of the �ow in a channel, the 
distribution of �ows between the two outputs will depend 
on the current number of droplets in each of the branches. 
This feedback mechanism causes droplets in such systems 
to exhibit periodical or chaotic behaviour (Engl et�al. 2005; 
Jousse et�al. 2006; Schindler and Ajdari 2008; Maddala 
et�al. 2014). Too small distances between droplets enter-
ing the junction may result in collisions, which a�ect the 
direction of droplets (Belloul et�al. 2011). In this work, we 
made sure that the distances between consecutive droplets 
were su�cient to avoid collisions.

In this paper, we propose such junction modi�cations, 
which �x the direction of droplets regardless of the �ow’s 
history. We start by presenting the comparison of a regu-
lar junction (type J0—see Fig.�1a) with a simple modi-
�ed junction (type J1—see Fig.�1b). The only di�erence 
between these junctions is an additional slit which disturbs 
the symmetry of the modi�ed junction in comparison to 
the regular one.

To investigate the e�ect of the considered modi�ca-
tion, we used two micro�uidic loop devices—one with 
the regular junction type J0, and the other one with the 
junction J1. Droplets of constant length and with constant 
frequency were generated in the device at the beginning 
of the loop and then the chain of droplets entered the loop 
with a constant speed. The frequency of droplets genera-
tion was set low enough to avoid collisions in the junction. 
Every single droplet getting into the bifurcating junctions 
can choose between two possible routes: turning left or 
right. We observed long sequences of short droplets pass-
ing through both loops.

Our observations of the regular junction (type J0) con-
�rmed that the symmetry of the device results in the equal-
ization of the distribution of droplets in both arms. The 
�rst droplet enters the left branch. The choice of the branch 
is likely determined by some imperfections during device 
fabrication resulting in not perfectly equal resistances 
between both the branches. These imperfections are small 
in comparison to the increase of resistance introduced by 
a single droplet so the next droplet enters the opposite 
branch as the empty branch has smaller resistance. Each 
next droplet so chooses the route to make the distribution 
of droplets closer to the equilibrium (see Fig.�2a). The 

number of droplets in both branches increases to a maxi-
mum value limited by the length of the branches. After 
that the number of droplets getting into the loop is bal-
anced by the number of droplets coming out. In that case, 
the system reaches a stationary state with the number of 
droplets in the loop �uctuating slightly around a constant 
value (42 droplets in each of the branches—see Fig.�2c).

The situation in the case of the loop with the modi�ed 
junction type J1 is very di�erent. As shown in Fig.�2b, the 
�rst 63 droplets �ow only into the left branch. The 64-th 
droplet is the �rst one, which turns right. Notice that in the 
regular junction’s case, droplets tend to distribute equally. 
The intriguing conclusion is that the local asymmetry of 
the junction—small in comparison to the size of the whole 
loop—results in a signi�cant asymmetry of droplet �ow in 
the whole device.

More information can be obtained from the quantitative 
analysis of the processes observed in both devices. Starting 
from the �rst droplet entering the loop, each consecutive i-th 
droplet changes the state of the device. The state established 
after introducing into the loop the i-th droplet can be charac-
terized by the numbers of droplets � � � �� , � � � �� and the mean 
velocities of �ows � � � �� , � � � �� in the left branch (subscript L) 
and the right one (subscript R), respectively.

Notice that the sum of velocities � � � �� � � � � �� � � ��  is 
constant as the velocity in the inlet channel � ��  is constant. 
Hence, we can use only one quantity � � � �� � � � � ��� � ��  for 
the description of the �ow distribution and we can limit only 
to the measurement of the speed in the left branch. We esti-
mated � � � �� assuming that (with the precision su�cient for 
this simple analysis) it is equal to the measured speed of the 
droplets in the left branch. � ��  was estimated in a similar way 
by averaging speed measurements of droplets in the input 
channel. The image analysis of frame sequences was used 
for the measurements of velocities.

Thus, the quanti�cation of the distribution of �ows ( � � � �� ) 
can be obtained even in the absence of droplets in the right 
branch (e.g. for � � ��  in the modi�ed junction).

The distribution of droplets between both branches was 
expressed by the number of droplets in the left branch nor-
malized by the sum of droplets in both branches 
� � � �� � � � � ��

� � � ��� � � � ��
.

The results of the analysis for both junctions are plot-
ted in Fig.�3. Analysing the plots from the beginning of the 
process one intriguing and not obvious fact can be directly 
discovered. Here, we assume that the single �rst droplet does 
not signi�cantly a�ect the �ow. Thus, the value of � � � � � � � 
provides the information about the distribution of the CP 
�ow in the loop device without droplets (for � � �  ). The 
fact that the measured values of � � � � � � � for both types of 
junctions are almost identical (close to 0.5) reveals that the 
modi�cation of the junction does not a�ect the one-phase 
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�ow. Before the droplets enter the junctions, the �ow of the 
CP is distributed equally between both branches of the loop 
due to their equal resistances and regardless of the di�erent 
geometries of the junctions. These observations indicate the 
signi�cant di�erence between one-phase �ow and two-phase 
�ow. In the presence of droplets, we observed a substantial 
�ow asymmetry in the modi�ed junction.

Let us analyse the further evolution of the states for both 
types of junctions exploring the variability with droplet’s 
number i of both � � � �� and � � � �� plotted in Fig.�3.

In the case of the regular junction (type J0), the value of 
� �  is close to 0.5 starting from the �rst droplet and then �uc-
tuates slightly around it. The value of � � � �� starts from 1 (the 
�rst droplet accidentally chooses the left branch) and quickly 
converges to the value close to 0.5. This indicates that in the 
case of the regular, symmetric junction the system tends to 
restore symmetric state ( � � � ���  , � � � ���  ), re�ecting the 
symmetry of the loop-device.

In the case of the modi�ed junction (type J1), the value 
of � �  starts from 0.5 and then it decreases with each suc-
cessive droplet as is shown in the plot. For � � ��  , droplets 
enter only into the left branch. Hence, for the �rst pack of 

63 droplets � � � ����� � �  . Droplets form a long chain in 
the left branch with decreasing spaces between consecu-
tive droplets, corresponding to the fall of � �  . For � � ��  , � �  
approaches the value � ����� � ����  , where � �����  is estimated 
as an average of � �  for � � ��  . From this point, some drop-
lets are guided into the right channel, while the majority of 
them is still guided to the left branch. This is re�ected in the 
decreasing number � � .

Hence, the proper guiding of the droplets into the left 
channel is possible for the limited ratio of velocities in both 
output channels. In this case, droplets are directed into the 
left channel for � � � � �����  which is equivalent to the critical 
ratio � � � � � � ���� .

The decay of � � � �� in the modi�ed junction (type J1) can 
be explained by a simple model. Let us assume that both 
arms of the loop are characterized by the same value of 
resistance R. The presence of a single droplet in the chan-
nel increases the entire resistance. Let us assume that each 
next droplet increases the entire resistance of the channel by 
a constant amount of � �  . Equating instantaneous pressure 
drops in both branches of the loop, we obtain the equation 
taking into account the e�ect of the distribution of droplets:

Fig. 2  Observations of droplets in loop devices. Comparison of junc-
tions type J0 and type J1. the snapshots taken after introducing 64 
droplets for junctions types J0 (a) and J1 (b), respectively, and the 

snapshots taken after introducing 150 droplets for junctions types J0 
(c) and J1 (d), respectively
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where � � � � � � ��  , � � � � � � ��  are rates of �ows in both 
branches, respectively, with � ��  being the area of the cross 
section of the channel, the same for both branches.

For � � ��  , there are no droplets in the right branch of the 
modi�ed junction so � � � �  and � � � � . The above equation 
in these conditions yields the equation for the evolution of 
� � � �� in the beginning period ( � � ��  ), when all droplets go 
into the left branch and � � � � �����

where the coe�cient � � � � � � �  can be found due to the 
relation:

This coe�cient can be estimated from the values of � �  , � �  , 
� �  averaged after the system reaches the quasi-steady state 
(for � � ���  ). In the case of our device, � � � ����� .

In general, the route of the i-th droplet is determined by 
the distribution of �ows in the junction established due to 
the �ow of previous droplets. Hence, if � � � � � � � � � �����  the 
i-th droplet goes into the left branch, or contrarily into the 
right branch if � � � � � � � � � �����  . This general rule is valid for 

(7)� � �
�
� � � � � �

�
� � � � � � � � � � � � �

(8)� � � �� �
�

� � ��� �
�

(9)� � �
� � � � � � ��

�
� � � �� � � � � ��

�
�� � � �� � � � � ��

�

any junction geometry characterized by the speci�c value 
of � �����  . While the broken symmetry in the modi�ed junc-
tion (type J1) establishes � ����� � ����  , in the regular junction 
(type J0), the symmetry of the setup results in � ����� � ��� .

This explains the �uctuations of � �  and � �  in the terminal 
stage after the system reaches the quasi-steady state. Each 
droplet entering into or getting out of the loop changes the 
state of the system; hence, the resultant � �  is slightly above 
or below the value of � ����� .

The above analysis shows that the proposed loop device 
can be used for a comprehensive analysis of the impact of 
junction modi�cations on the motion of droplets. Such cru-
cial parameters like � �����  and � �  can be estimated with the 
use of a simple experimental setup and with relatively small 
e�ort.

3.2  Observations of�long droplets in�the�modi�ed 
junction type J1

In the previous examples, we analysed the motion of short 
con�ned droplets of comparable length to the width of the 
channel W. We can expect that the modi�cation of the junc-
tion may a�ect the motion of long droplets (with the length 
signi�cantly larger than W). As we will show, the proposed 
modi�cation of the junction signi�cantly extends the pos-
sibilities of this simple bifurcation.

Fig. 3  Quantitative analysis of the e�ect of junction geometry on 
the distribution of droplets—comparison of junction types J0 and 
J1. Measurements of the normalized number of droplets in the left 
branch of the loop � �  and normalized speed of droplets in the left 

branch � �  of the loop as functions of the droplet’s number i. Experi-
ments were carried out at a constant CP �ow equal to 3 ml/h and DP 
equal to 0.5 ml/h. The length of the droplets was 0.68 mm
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Unlike short droplets, long droplets generally break into 
two parts in regular junctions (Chen and Deng 2017; Sun 
et�al. 2018). We observed that phenomenon in our loop-
device with the regular junction J0, but in the case of the 
modi�ed junctions, a long droplet can go through the junc-
tion without splitting.

For the demonstration, we present in Fig.�4 two obser-
vations of long droplets series travelling through the loop 
device with a junction type J1. These two experimental runs 
were performed for two di�erent values of inlet velocity � ��  . 
They show that for � �� � ��� ����  the long droplet (1) keeps 
its integrity and (2) enters the left branch of the loop-device 
(see Fig.�4a). While for � �� � ��� ����  , the droplet is split 
into uneven parts between both branches (see Fig.�4b).

The sequence of consecutive snapshots of the long 
droplet during its movement through the junction reveals 

the non-trivial transformation of the droplet (see Fig.�5). 
The droplet produces a temporary ‘protrusion’ in the right 
output. Then, depending on the value of � ��  , this ‘protru-
sion’ can be either pulled by the main part of the droplet 
into the left output (for small � ��  ) or can detach from the 
main part of the droplet and go into the right output (for 
large � �� ).

Thus, we can expect that in general, the behaviour of 
the droplet in the junction should depend on the set of 
parameters such as the length of a droplet, the geometry of 
the modi�cation, capillary number and �ow distribution.

Fig. 4  Images from experiments with long droplets in a micro�u-
idic loop device with a modi�ed junction of type J1. The length of 
the produced droplets was constant and equal to 5.5 times the width 
of the channel. Images show the quasi-steady state for two di�erent 
values of input �ow velocity: a � �� � ��� ����  , � �� � ��� ����  . All 
droplets enter the left branch. b � �� � ��� ����  , � �� � ��� ����  . 
Droplets partially break in the junction

Fig. 5  The long droplet in the modi�ed junction type J1. The 
sequence of consecutive snapshots for: left column—non-break-up 
mode for � �� � ��� ����  , and right column—break-up mode for 
� �� � ��� ����
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3.3  Kinetic analysis of�long droplets in�the�modi�ed 
junction of�type J1

Herein, we present the experimental analysis of the motion 
of a long droplet travelling through the junction with a sin-
gle bypass (type J1) without breaking. In the example, we 
consider an equal �ow distribution between both outputs 
( � � � � �  ). Unlike in the previous observations, here only 
one single long droplet of the length � � � ��� �  was created 
and moved at a constant speed ( � �� � ��� ����  ) toward the 
junction. We observed the process with the use of a micro-
scope and a 100 FPS camera.

These observations allowed us to distinguish between four 
critical stages of the process as presented in Fig.�6. Besides 
the observations of the morphological transformation of 
the droplet, we analysed as well the evolution of the �ow 
through the bypass. The characteristic �ow structures were 

made visible thanks to traces of tiny particles suspended in 
the CP. The obtained visualizations of streamlines provided 
insight into the evolution of the morphology and the inten-
sity of the velocity �eld in the bypass (see Fig.�6b). The �ow 
patterns retrieved from these observations are schematically 
drafted in the snapshots presenting the droplet at di�erent 
time points. This shows the interplay between the droplet 
and the CP �ow and reveals the mechanism, which allows 
the long droplet to keep its integrity. The consecutive stages 
of the process are labelled in Figs.�6 and 7 by the roman 
numbers from I to IV. In the following, we will describe the 
quantitative analysis and then we provide the comprehensive 
description of these stages.

As we mentioned before, the droplet temporary deforms, 
expanding into all three channels of the junction (see Fig.�6a, 
stages from I to III). Hence, in this con�guration, the droplet 
consists of three ‘arms’ connected in the central part of the 

Fig. 6  Kinetics of a long droplet �owing through the junction with a 
single slit-bypass. a The sequence of snapshots of a droplet for four 
stages labelled by roman numbers from I to IV. The transient peri-
ods are labelled by Roman numbers and arrows. The characteristic 
�ow structures (reconstructed on the basis of experiments) are sche-

matically shown as lines with arrows. b Direct visualizations of tracer 
particles trajectories in the bypass. Each image obtained by the impo-
sition of 50 consecutive frames registered at the speed of 100 fps. 
Thus, the length of the smudges is proportional to the velocity of the 
tracer particles
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junction namely: (1) the ‘protrusion’ in the right-output-chan-
nel, (2) the so-called ‘tail’—the rear part remaining in the inlet 
channel and (3) the ‘head’—the front of the droplet expanding 
into the left channel (see the scheme in the inset in Fig.�7 ).

For a quantitative characterization of the transformation of 
the droplet’s shape, we measured the instantaneous lengths 
of each of these ‘arms’, respectively: � �  , � �  , � �  (see inset in 
Fig.�7). The droplet of the initial length � �  during the deforma-
tion in the junction does not change its volume and, hence, the 
sum of the length of all arms is constant:

where the constant � � � ����� � ��� �  corresponds to the 
volume of the droplet in the central part of the junction 
(see the circle in the graph). The slopes of the length evolu-
tion of the arms correspond to the rates of growth of the 
droplet’s arms � � � � � � , � � � � � � , � � � � � � . As the ‘head’ is 
pulled into the left branch it expands with the constant rate 
� � � � � � � � �  . The constant volume of the droplet imposes 
the speed constraint of the change of � �  and � �  . Indeed, time 
derivation of Eq. (10) yields:

(10)� � � � � � � � � � � � � � �

(11)� � �
�
� �

� � �
�
� �

� � � ��

The quanti�cation of the CP �ow intensity through the 
bypass was performed due to the analysis of additional 
data—instantaneous 2D velocity fields obtained by the 
means of PIV. We estimated the transient intensity of the 
bypass �ow � �  by spatial averaging each velocity �eld over 
the whole area of the bypass. The dimensionless equivalent 
� �  was obtained through the normalization of the averaged 
value of � �  measured before stage I. This quantity re�ects 
very well the variability of the bypass �ow; however, the 
reader should notice that it is not perfectly equal to the �ow 
rate because of some limitations of the 2D PIV technique. 
Despite these imperfections, the measurements of the inten-
sity � �  provide important information on the activation and 
deactivation of the bypass �ow by a moving droplet.

Now, we will provide a comprehensive description of 
all critical stages and intervals between them.

Before the droplet enters the junction (prior to stage I), 
it travels with a constant speed which is re�ected in the 
constant slope of the plot of � � � �  (the position of the 
rear of the droplet) in Fig.�7. The magnitude of the �ow 
through the bypass is close to its minimum ( � � � � ).

In stage I, the droplet’s front reaches the junction hence 
� � � �  and � � � �  (see Fig.�6a and snapshot labeled as 
I). Then, in the interval between stage I and stage II 
(denoted as I �  II), the droplet builds up the ‘head’ and 

Fig. 7  Kinetics of a long droplet �owing through the junction with a 
single slit-bypass. Left axis—the time evolution of the length of the 
‘head’ � �  , the length of the ‘tail’ � �  and the length of the ‘protrusion’ 
� �  normalized by the width of the channel W. Right axis—the inten-
sity of the �ow through the bypass � �  . In the inset—the scheme illus-
trating the decomposition of the deformed droplet into ‘head’—the 

purple arm, ‘protrusion’—the green arm, the ‘tail’—the orange arm 
of the droplet. The additional part of the droplet connecting all arms 
is presented as a circle in the centre of the junction. The additional 
auxiliary thin black lines show the linearity of parts of the droplet’s 
�ow occurring at a certain time. (Color �gure online)
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the ‘protrusion’, which is re�ected in the increase of � �  
and � �  in Fig.�7.

The crucial part in this interval is the position of the ‘tail’, 
which completely blocks the access to the bypass slit from 
the CP �ow from the main channel. We can observe the 
characteristic circulation zone in the ‘shade’ of the droplet 
(Fig.�6b). It is related to Lid-driven cavity �ow and was 
observed also in our previous publication (Zaremba et�al. 
2018). Thus, the activity of the bypass �ow measured by � �  
is even slightly lower than before stage I.

In consequence, the bypass is e�ectively switched o� and 
does not a�ect the droplet. In this situation, the rate of 
growth of the arms is equal to the �ow speed in the branches, 
so: � � � � ��

� � � � � � �  , � � � � ��
� � � � � � �  . According to Eq. (11), 

the expansion of the ‘head’ and the ‘protrusion’ must be 
compensated by the shrinkage of the ‘tail’ so: 
� � � � � � � � � ��  . During the interval � � ��  , the length ratio 
of the di�erent arms is equal to the ratio of velocities in both 
branches: 

� � � ��
�

� � � ��
�

� � �

� �
.

In stage II, the shrinking length of the ‘tail’ reaches the 
value, below which it cannot e�ectively block the CP �ow 
into the bypass: � ��

� � � � � � � � ��� � �  , where � �  is the 
width of the entrance to the bypass slit from the main chan-
nel (see the inset in Fig.�7). The additional term ��� � �  
includes the length of the round cap of the droplet. From that 
point, in the interval �� � ���  the ‘tail’ opens the entrance 
to the bypass up until it completely vanishes in stage III. 
This process gradually raises the bypass �ow. The circula-
tion zone observed previously is replaced by the regular �ow 
of the CP bypassing the ‘protrusion’ in the right output (see 
Fig.�6b). Due to the activation of the bypass, both the growth 
of the ‘protrusion’ and the shrinkage of the tail slow down 
(see the slope of � � � ��� �  and � � � ��� � ).

Stage III marks the point when the ‘tail’ completely dis-
appears ( � ���

� � �  ) and the ‘protrusion’ reaches its maximum 
length. What is important, the ‘protrusion’ immediately 
transforms from the temporary front of the droplet to its 
end and reverses its direction from expanding to receding. 
During the interval ��� � ��  , the entrance of the bypass is 
completely open for the �ow of the CP, while the ‘protru-
sion’ still occupies the right channel of the junction. In this 
con�guration, the whole �ow of the CP must bypass the 
protrusion through the slit. In result, the bypass �ow is at 
its highest level, what is visible in the visualization of the 
�ow (Fig.�6b) and indicated by the high value of � �  (Fig.�7).

As the ‘head’ of the droplet moves with the constant 
speed � � � � � � � � �  , it pulls the protrusion into the left out-
put. Due to the absence of the tail, the integrity of the droplet 
requires that both its front and back move with the same 
velocity, so � � � � � � � � � � � � � � . The unique and intriguing 
character of this process consists of the fact that the protru-
sion moves opposite to the CP �ow. The protrusion in the 

interval ��� � ��  shrinks after the expansion in the previous 
interval. This fact is re�ected by the change of the slope of 
� � � �� in the plot in Fig.�7. In this way, the ‘protrusion’ is 
gradually engulfed by the ‘head’.

Finally, the last stage IV marks the complete disappear-
ance of the ‘protrusion’ ( � ��

� � �  ). The whole volume of 
the droplet has been entirely transferred towards the ‘head’ 
in the left output. After that, the whole droplet travels in 
the left branch of the loop-device with the speed � �  . The 
transfer process of the droplet from the input channel to the 
left branch is completed. The bypass �ow changes back to 
its lowest level as before the entrance of the droplet in the 
junction.

The above analysis shows in details the transfer process of 
a long droplet into the left branch of the loop. This explains 
as well the mechanism responsible for the �ow of short 
droplets. Similarly, as in the case of long droplets, the short 
ones are pulled into the left branch due to the bypass, which 
redirects the �ow of the CP into the right branch. In this 
case, the �ow of two liquid phases can be locally decoupled 
and become asymmetric. The droplet �ows into the channel 
without the bypass and the CP �ows through the bypass into 
the opposite channel.

3.4  E�ect of�the�Baker’s transform

As we showed before, the droplet during its movement 
through the junction is a subject of a non-trivial transfor-
mation which includes the generation of a temporary ‘pro-
trusion’ and its later shrinkage. In the previous section, we 
focused on the analysis of the droplet’s shape. Now, we 
discuss the rearrangement of the droplet’s internal mass 
distribution. To visualize the e�ect of the �ow within the 
droplet, we performed simple observations of Janus droplets, 
i.e. droplets composed of two di�erent parts.

We generated Janus droplets in a cross junction (Fig.�8a) 
where two opposite streams of 80% glycerol-in-water solu-
tion meet. One of the streams is distinguished by the addition 
of ink. Due to that, the merged streams form a well-visible 
two-layered parallel �ow in the main channel. The additional 
cross-�ow of the continuous immiscible phase (oil) results 
in the generation of droplets consisting of two symmetrical 
halves of di�erent colours. To explain the peculiar character 
of the droplet’s transformation in the modi�ed junction, we 
�rstly present the observations of Janus droplets travelling 
through a straight channel. It is a well-known fact that the 
symmetry of the internal �ow within the droplet inhibits 
the exchange of mass across the symmetry plane (Tice et�al. 
2003). Hence, despite the continuous re-circulating �ow 
inside the droplet, the homogenization of the content of the 
symmetrical Janus droplet is only thanks to the di�usion 
across the separation plane.
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Figure�8b presents two images of the same droplet, the 
left one—the droplet just after its generation, the right 
one—the droplet after travelling the distance of ten drop-
let’s lengths. We can see that the droplet in its initial state is 
not perfectly symmetrical (with the small dose of ink in the 
bottom half). Despite that, we observe that the initial strati�-
cation is conserved after the droplet moves over the distance 
of ten its lengths. The ink’s concentration is homogenized 
only within the separated halves. This is the reason why the 
initially introduced portion of ink in the bottom half, after 
mixing, results in the fade bright-blue colour of the bottom 

half. However, the plane of separation in the middle of the 
droplet is still well visible and sharp.

Figure�8c presents the results of experiments with the 
Janus droplet �owing through the modi�ed junction. The 
image shows the composition of three images of the same 
droplet in three consecutive positions labelled as T1, T2 and 
T3. In position T1, the droplet is approaching the junction 
and we can see the sharp strati�cation of the ink’s concen-
tration in the middle plane of the droplet. The position T2 
corresponds to stage III mentioned in the previous section 
where the ‘tail’ has completely disappeared and the head 
starts to pull the ‘protrusion’ into the left output. What is 
important is that the whole volume of the blue half of the 
droplet has been redirected to the ‘head’ while the bottom, 
clear half has been redirected to the ‘protrusion’.

In other words, the droplet during the transition from 
T1 to T2 is being precisely cut in the plane of separation. 
Simultaneously, both halves are being gradually folded out 
in opposite directions. This process is schematically shown 
in the inset in Fig.�8c. This transformation resembles one 
iteration of the Baker’s transform applied to the long drop-
let. In result, the signi�cant rearrangement of the droplet’s 
interior is obtained. Notice that the upper half of the droplet 
is transferred to its front part, the bottom half to its rear part 
and the previous rear part is transferred to the central part 
of the droplet.

Crucial for the homogenization of the droplet’s content 
is the reorientation of the plane of separation of the two 
aqueous phases (see Fig.�8d). In position T1, the plane of 
separation is in the plane of symmetry of the droplet and is 
parallel to the streamlines of the internal �ow. In position 
T2, this plane is reoriented and becomes perpendicular to the 
streamlines. Afterwards, the plane of separation is carried by 
the �ow and gradually stretched and deformed. This leads to 
the homogenization of the droplet’s content.

The e�ciency of this process is clearly seen in the image 
of the droplet after travelling the distance of about one drop-
let’s length (position T3 in Fig.�8c). Although the droplet is 
not yet completely homogenized, the blue dye is distributed 
over the whole droplet without any visible sharp separa-
tion of areas with di�erent concentrations of ink, unlike in 
the case of the straight channel, where the sharp separation 
between two domains is conserved over a much longer dis-
tance. To quantitatively estimate the mixing rate after the 
reorientation of the separation plane, we conducted numeri-
cal simulations (see Fig.�9). The starting point of these simu-
lations was a droplet composed of two parts with di�erent 
concentrations of the passive indicator with the separation 
plane perpendicular to the axis of the channel. Initially, the 
droplet was divided into two halves: (1) the front part with 
the initial concentration � � � � � � � � � �  and (2) the rear 
part � � � � � � � � �  We set a very low di�usion coe�cient 
( ���� � �� � �� � � � �  what corresponds to the value for water, 

Fig. 8  Visualizations of the mixing process inside the droplet. a 
Microscopic image of the generation of Janus droplets in the cross-
�ow device. b Mixing inside the Janus droplet travelling through a 
straight channel: the left image—droplet just after its generation; 
the right image—droplet after travelling the distance of ten droplet’s 
lengths. c The Janus droplet �owing through the modi�ed junction—
the composition of three images of the same droplet in the consecu-
tive positions from T1 to T3. In the inset—the schematic pictogram 
of the transformation of the droplet. d The schematic view of the 
separation plane in position T1 and after the transformation in posi-
tion T2
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decreased �� �  times), so the �ow inside the droplet was the 
only mechanism which would mix the interior of the droplet. 
During the simulation, the droplet was travelling through a 
channel of square cross section with a constant speed hence 
the distance D travelled by the droplet was proportional to 
time. For each simulation step, we estimated the normal-
ized contrast between the two parts of the droplet de�ned 
as � � � � � � � � � � � � � � � � ��� � �  , where � � � � � and � � � � � are 
instantaneous average concentrations in both parts of the 
droplet, respectively, and � � � � � �  is the distance travelled 
by the droplet normalized by the length of the droplet. This 
coe�cient starts from the value � � � � � � � �  and decreases 
with time. The minimal possible value � � �  corresponds to 
the equal distribution of the passive indicator in both parts 
of the droplet. The data obtained from the numerical simu-
lations show the exponential decay of the contrast with the 
�tted relation in the form: � � � � � ��� �� � � ���� � . This implies 
that after travelling the distance � � � � �  , the contrast c falls 
to a value of about 0.1.

The modi�ed junction’s geometry realizes the Baker’s 
transform on the droplet’s interior which radically improves 
the content’s mixing in long droplets. The rearrangement of 
the spatial distribution of the droplet’s content can be used 
to prevent the sedimentation of particles in the rear part of 
the droplet (Hein et�al. 2015).

3.5  Mechanism of�droplet break-up

The splitting of the droplet in the junction may have poten-
tial applications; however, here we consider how it can be 

avoided. We want to retain the integrity of the droplet. The 
mechanism of droplet breakup was the subject of numerous 
investigations (Link et�al. 2004; Ménétrier-Deremble and 
Tabeling 2006; Salkin et�al. 2013; Hoang et�al. 2013; Chen 
and Deng 2017; Wang et�al. 2018, 2019); however, until now 
the e�ect of an additional bypass was not considered. Here, 
we present the analysis of the transition between break-up 
and non-break-up modes of a droplet in the junction with the 
bypass. The comparison of observations of broken droplets 
and unbroken ones reveals that the transformation of the 
shape of the droplet in both cases is very similar until stage 
���  , i.e. until the complete disappearance of the ‘tail’. This is 
the critical point, for the further fate of the droplet (compare 
snapshots in Fig.�5). In the case of the non-break-up mode, 
after stage ���  , the ‘protrusion’ is e�ectively pulled into the 
left channel.

In the case of the break-up mode, the split of the drop-
let occurs in the central part of the junction similarly like 
in the case of the junction without the bypass. Therefore, 
we can expect that a similar mechanism of deformation 
of the ‘elbow’, connecting the ‘protrusion’ and the ‘head’, 
appears in the modi�ed junction. In the break-up scenario, 
the incoming �ow of the CP causes the de�ection of the 
‘elbow’ and the droplet �nally breaks.

The bypass in the modi�ed junction lowers the pressure 
build-up in the junction so the pressure drop along the ‘pro-
trusion’ � � �  can be estimated as:

where � �  is the geometrical non-dimensional factor of the 
resistance of the bypass, � ��  , � �  are the areas of the cross 
sections of the input channel and the bypass slit, respec-
tively, �  is the dynamic viscosity of the CP, and � �  is the 
additional correction factor.

The mechanism that resists the ‘de�ection’ of the ‘elbow’ 
is the Laplace pressure, which can be described as the prod-
uct of the interfacial tension coe�cient and the mean cur-
vature of the ‘elbow’ H:

Here, we can assume that the shape of the non-deformed 
‘elbow’ is de�ned single-handedly by the geometry of the 
device.

Equating � � �  and � � �  , we obtain the transition between 
break-up and no-break-up modes:

where � � � � � �� � � � �
� � � � � � �  and �� � � � � �  are non-

dimensional �tting parameters.
Note that this simpli�ed model does not take into account 

the velocity of the head and additional shear acting on the 
protrusion. Despite the assumed simpli�cations, the model 
correctly explains the transition from the break-up mode to 

(12)� � � � � � � � �� � � �� � � � ���
� � � � � � � � � � �

� �

(13)� � � � � � � �

(14)� ���
� � � � � � �� � �� �

Fig. 9  The mixing process of the reoriented Janus droplet. The con-
trast of the concentration c as a function of the normalized distance 
travelled by the droplet � � � � � �  . The snapshots from the simula-
tions show the evolution of the instantaneous distribution of the indi-
cator in the middle-plane of the droplet (see the colorbar for refer-
ence). (Color �gure online)
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the no-break-up mode, what we observed experimentally 
(see Fig.�10). The values of �tted parameters are � � ������  
and �� � ����  . These parameters are speci�c for the inves-
tigated geometry of the junction and may vary for other 
geometries.

Besides the above-mentioned dynamic constraints for the 
no-break-up mode, there is an additional geometrical restric-
tion for the maximal length of the ‘protrusion’. Indeed, once 
the ‘protrusion’ blocks the �ow of the CP from the bypass 
to the right branch, the ‘protrusion’ is pulled into it with the 
speed � �  and cannot recede, which results in the break-up of 
the droplet. This geometrical constriction limits the length 
of the ‘protrusion’ to � � � � � � ��� �  and is plotted in the 
graph as the horizontal line.

The next question is what does the maximal length of 
the ‘protrusion’ � ���  depend on? As we mentioned before, 
the ‘protrusion’ develops within the first two intervals 
� � ��  and �� � ���  . In the �rst interval, it grows with the 
maximal rate � � � � ��

� � � � � � �  . In the interval from �� � ���  , 
the activated bypass flow lowers the rate of growth of 
the protrusion � � �� � ���

� � � � � � �  . Taking into account that 
� � � � � � � ����� � � �  we can state:

For the given length of the droplet � �  , the maximal available 
length of the protrusion can be roughly described by the 

(15)
� ���

�

� ���
�

�
� �

� �
�

following form, which includes in addition the geometrical 
restriction:

where � � � � � � � �� � � � � � .
Notice that the geometrical restriction for the maximal 

length of the protrusion in the non-break-up mode sets the 
limit for the longest droplet, which can go through the junc-
tion without being split:

As the maximal value of � �  is 1, the geometrical restriction 
does not a�ect droplets shorter than � � � � � � � ��� � � � � . 
Neglecting both latter terms, we can articulate a robust rule 
for the construction of a micro�uidic circuit with a modi-
�ed junction. The rule states that droplets generated in the 
micro�uidic system must be shorter than the length of the 
bypass � �  . This establishes the design guidelines of both the 
droplets generator and the junction.

Taking into account the maximal length of the ‘protru-
sion’ and the dynamic limitation given by Eq. (14), we 
obtain the limit of Ca for the non-break-up mode:

This relation sets the maximal limit for the Capillary number 
at which a droplet of length � �  is not broken at a given � �  . 
Notice that the value of � �  depends on the number of drop-
lets introduced to the loop device (see Eq.�8 and the discus-
sion there). Thus, depending on the resistance of a single 
droplet, there is a critical number of droplets in the loop 
above which the next droplet entering the junction breaks. 
Hence, appropriate adjustment of both the frequency of 
droplets and the value of Ca avoids the appearance of drop-
let’s breakage in the micro�uidic system (compare Fig.�4a 
and b).

The above-mentioned experimental analysis of the limits 
of the non-break-up mode shows that the modi�ed junction 
can work correctly in a wide range of parameters. However, 
the knowledge of these limitations is crucial for the proper 
design of the micro�uidic device.

3.6  Improving the�junction for�multi-directional 
�ows

As for now, we investigated only one type of modi�ed junc-
tion (type J1). In Fig.�1, we presented additionally the geom-
etries of other types of junctions. In this section, we discuss 
additional possible modi�cations of the junction and their 
e�ect on the functionality of the micro�uidic architecture.

Let us consider the end of the loop where two branches 
join forming a joining junction. The con�guration of �ows 
in this junction is inverted in relation to the previously 

(16)� ���
� � � � � � � � � � � � � � � ��� � �

(17)� � � � � � � ��� � � � � � �
� � � � �

(18)�� �
�

� � � � � � � � � � � � � � ��
�

Fig. 10  Phase diagram of operational modes of the junction type J1 
in the space of parameters � ���

� � �  vs Ca
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considered dividing junction. The joining junction merges 
two input �ows into one output �ow unlike the dividing 
junction, which splits the one input �ow between two out-
lets. Herein, we consider the additional possible scenario 
where the droplet from one of the branches of the loop enters 
the joining junction. Our observations of the regular junc-
tion (type J0) and the other one with one bypass (type J1) 
revealed that once the droplet enters the common channel 
its front starts to move with a higher speed than the rear 
part. This usually results in the break-up of the droplet (see 
Fig.�11, the left column for junction type J1). Indeed, in the 
case of the joining junction, the speed in the common chan-
nel is the sum of speeds in both input channels. This speed 
di�erence is responsible for the splitting of the droplet.

Figure�11 shows examples of the di�erent behaviours of a 
long droplet in the junction type J1 and junction type J2 for 
the inverted �ow con�guration. The observations revealed 
that to keep the integrity of the droplet, an additional bypass 
must be introduced into the geometry of the junction. For 
example, to avoid the split of the droplet entering the junc-
tion from the right branch, a junction of type J2 should be 
applied (see Fig.�11 the left column). To increase the func-
tionality and allow as well droplets from the left branch 
to travel through the branch in one piece, we need to use 
another additional bypass as in junction type J3.

3.7  Examples

To demonstrate the potential use of the modi�ed junctions 
in micro�uidic devices, we present two examples of small 
micro�uidic geometries with di�erent functionalities.

The �rst device is presented in Fig.�12. The central part 
of the device is a small symmetrical loop with two identi-
cal junctions of type J2 on both ends of the loop depicted 
as B1 and B2. The additional traps A1 and A2 are to limit 
the movement of the droplet. The trap stops the incoming 
droplet but it releases the droplet after the change of the 
�ow direction. The operation mechanism of these traps was 
described before (Korczyk et�al. 2013; Zaremba et�al. 2018). 
The additional junction C exists only for the generation of 
a single droplet. After the droplet is in the device, this junc-
tion is inactive.

Commencing the description of the functionality of the 
device from the upper left image. A single droplet has been 
already generated and moved into trap A1. The �ow of the 
CP is from the right to the left (as indicated by blue arrows). 
This is the stationary state of the device as the droplet is 
immobilized. This can be changed by the reversal of the 
�ow direction—see the upper right image (the green arrows 
indicate the order of the snapshots). The �ow of the CP from 
the left to the right removes the droplet from trap A1, then 
the droplet travels toward the loop and turns left into the 
upper branch. This direction is �xed by the geometry of the 
junction of type J2. Then, the droplet meets the other junc-
tion of type J2 at the end of the loop. As we mentioned 
in the previous section, the special design of the junction 
keeps the integrity of the droplet either in the inlet to the 
loop or in the outlet. Finally, the droplet stops in trap A2 
(see the bottom right image) and the system reaches its sec-
ond stationary state. The rotational symmetry of the device 
implies that after the next �ow reversal of the CP (to its 
initial direction), the droplet will travel a symmetrical route, 
now through the bottom branch of the loop. In this example, 
the oscillating �ow of the CP is translated to the circulation 
of the droplet inside the loop. Such a mechanism can be used 
for the implementation of loop-like laboratory sequences 

Fig. 11  The behaviour of the long droplet in di�erent junctions with 
reversed �ow—two inputs and one output. The sequence of consecu-
tive snapshots for: left column—type J1 and right column—type J2. 
For both cases, the output �ow is the same and � ��� � � ����
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of droplet operations (Debski et�al. 2018; Abolhasani and 
Jensen 2016).

This example teaches as well that the character of the 
�ow of the droplets may be very di�erent than the case of 
single-phase �ow. In the case of single-phase �ow at low 
Reynolds numbers, we can expect the time reversibility of 
the �ow. In the case of the �ow of the droplet, we observed 
that the droplet travels through the upper branch of the loop 
or through the bottom branch depending on the direction of 
the input �ow of the CP.

In the second example, presented in Fig.�13, we use a con-
stant �ow of the CP without changing its direction. In this 
example, we consider two droplets entering the loop device. 
The device here is not symmetrical. Each of the branches 
of the loop consists of an additional element—an obstacle. 
It is a local constriction of the channel’s cross section. The 
�ow is from the left to the right. Without any droplet in 
the loop, the �ow of the CP splits into equal parts between 
the two branches (Fig.�13a). As we mentioned before, the 
modi�cation of the junction weakly in�uences single-phase 
�ow. The obstacles in both branches equally increase the 
hydraulic resistance.

The flow distribution between both branches can be 
quanti�ed by the coe�cient � � � � � � � ��  , previously intro-
duced in the description of the �ow of small droplets in loop 
devices. In this case, we can state that for the �ow of the CP 
and without any droplet in the device � � � � � � ��� .

The situation changes after the �rst droplet enters the 
device. The junction routes the droplet into the left branch, 

where it meets the obstacle. To pass through the obstacle, 
the front of the droplet would require to produce a high cur-
vature to penetrate the constriction of the channel that needs 
an additional pressure increase—above the speci�c break-
through pressure. However, if the �ow of the CP through the 
right branch generates a pressure drop lower than the break-
through pressure, the droplet will be kept immobilized. A 
similar mechanism of immobilization is known from micro-
�uidic traps (Korczyk et�al. 2013; Zaremba et�al. 2018).

In this con�guration, the whole CP �ows only through 
the right branch as the left one is closed by the immobilized 
droplet (see Fig.�13b). This clearly shows that the droplet 
changes the state of the �ow. Now, the coe�cient of distri-
bution of the �ow can be estimated as � � � � � � �  (no �ow 
through the left branch). This value is below � �����  ; hence, 
we can expect that the next droplet will be directed into 
the right branch. Indeed, the next droplet entering the loop 
chooses the right channel; however, something very interest-
ing happens once the second droplet reaches the obstacle. In 
this situation, the �ow of the CP can no longer bypass both 
droplets; hence, the pressure behind the droplets increases 
above the breakthrough pressure needed to push the droplets 
over the obstacles. The pressure acts on both droplets so they 
are �nally released and travel toward the exit of the loop (see 
Fig.�13c). The important feature of this device is that both 
obstacles are placed in di�erent positions. Both droplets 
are triggered simultaneously but have di�erent distances to 
the exit of the loop. In result, the second droplet leaves the 
device before the �rst droplet (see Fig.�13d). This simple 

Fig. 12  Circulating loop. Four snapshots representing the complete 
cycle of circulation of the droplet. Green arrows indicate the order of 
the sequence. Top left: the stationary state for the �ow to the left; the 
droplet is immobilized in the trap A1. B1 and B2 are two symmet-
ric junctions connecting both branches of the central loop with the 
main channel. A2—the other trap symmetrical to trap A1. C—the 
additional channel enabling the generation of the single droplet (not 
used once the droplet is introduced). Top right: the transitional state 
after the reversal of the �ow direction. The droplet is removed from 

the trap, moves to the right according to the reversed �ow. In junc-
tion B1, it turns left and travels through the top branch of the loop to 
eventually stop in the trap A2. Bottom right: the stationary state for 
the �ow to the right, with the droplet immobilized in trap A2. Bot-
tom left: the transient state after reversing the �ow restoring its ini-
tial direction. Droplet travels through the bottom branch of the loop to 
stop in trap A1 (as shown in the top left snapshot) completing a full 
cycle of the circulation. (Color �gure online)
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device changes the order of the droplets. The mechanism 
utilized in this example can be used in other devices per-
forming logic operations on the �owing droplets.

4  Conclusions

In this paper, we investigated the behaviours of droplets 
in junctions modi�ed by additional bypasses. In a series 
of experiments, we showed the e�ect of the modi�cations 
on both short and long droplets. Our observations revealed 
that the bypasses in the junctions can be used for guiding 
droplets to the preferred output and for the preventing of 
the break-up of long droplets. We provided an experimental 
analysis of the process of droplet transfer through the junc-
tion, which explains the peculiar behaviour of the droplets. 
This analysis revealed that the droplet is a subject of non-
trivial transformation, which resembles the so-called ‘Baker 
transform’. We showed as well that the break-up of droplets 
can be explained by a simple model.

These modi�ed junctions can be used in micro�uidic 
systems where the motion of droplets is determined by 
the geometry of the device. This enables the encoding of 
a sequence of operations on droplets in the architecture of 
the device. Examples of simple micro�uidic modules with 
non-trivial functions show the potential use of this approach.
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Integration of capillary –hydrodynamic logic
circuitries for built-in control over multiple
droplets in microfluidic networks †

Damian Zaremba, * S�awomir B �o� ski and Piotr M. Korczyk *

Here, we show the successful implementation of advanced sequential logic in droplet microfluidics, whose

principles rely on capillary wells establishing stationary states, where droplets can communicate re motely

via pressure impulses, influencing each other and switching the device states. All logic operations perf orm

spontaneously due to the utilization of nothing more than capillary –hydrodynamic interactions, inherent for

the confined biphasic flow. Our approach offers integration feasibility allowing to encode unprecedentedly

long algorithms, e.g., 1000-droplet counting. This work has the potential for the advancement of liquid

computers and thereby could participate in the development of the next generation of portable

microfluidic systems with embedded control, enabling applications from single-cell analysis an d

biochemical assays to materials science.

Introduction
The implementation of the idea of liquid computer 1 would be
revolutionary for microfluidics, not because microfluidics
seeks computational capabilities, but because it would enable
the encoding of a variety of algorithms (laboratory
procedures) into the structure of the device.

In terms of miniaturization and complexity of performed
tasks, microfluidics is often compared to microelectronics. 2

The promising vision is that the miniaturization and increase
of operational throughput, so fruitful in computer
engineering, would be implemented in control over small
liquid volumes, thus opening a new era for sample
processing and analysis techniques. However, one of the
remaining problems in microfluidics is the implementation
of the fundamental concept of electronics: the control
embedded in integrated circuits. In microelectronics, the
most fundamental level is constituted by base modules,
where both input and output are of the same nature —they
are electric signals. Thus, different elements can be
combined directly with each other into hierarchical self-
regulated circuitries. Despite their incredible complexity,
electronic architectures, e.g., microprocessors, are completely

autonomous; besides the input data and energy supply, they
do not require any additional control.

In microfluidics, in contrast, liquids are usually operated
by valves, electrodes, pumps,etc. that are centrally controlled
by a computer.3–5 This requires the microchannels to be
designed to be connectable with the electromechanical
regulatory system, the intricacy of which usually increases
with the complexity of the laboratory task. 6

In the article, we focus on two-phase flows in
microchannels, where droplets can be formed and used as
tiny laboratory beakers. Microfluidics has developed
manipulation techniques for droplets enabling such
operations such as splitting, merging and positioning. 4,5,7,8

The combinatorial sequences of base operations allow for the
implementation of any laboratory procedure. The precision,
low consumption of reagents, and automation capabilities
render this technology increasingly attractive for biological
and chemical experimentations. 8–10

Droplets are predominantly manipulated by computer-
controlled external actuators.4,5 An intriguing alternative is
an idea of a liquid computer 1 with droplets as digital entities
self-regulating via coupling capillary and hydrodynamic
interactions in specially designed geometries.

Thus far, some alternative strategies of the embedded
control devices for both single-phase flow11–14 and
droplets4,15–23 have been proposed. In the case of droplets,
the system that is probably the closest to computer
technology is the system presented by Katsikiset al.,20 where
automated tasks were performed on ferromagnetic droplets
activated by a rotating external magnetic field. Actually,
droplets in microfluidics do not require any additional force

Lab ChipThis journal is © The Royal Society of Chemistry 2021
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to be self-regulated, which is important for a variety of
applications, where droplets can not be ferromagnetic. The
intriguing aspect of confined, biphasic microflows is that the
surface tension is relatively large and introduces non-
linearity into Stokes flows, opening the perspectives for
purely hydrodynamic built-in control. Prior examples
exploiting this approach encompass cascades of consecutive
dissolution encoded by the use of hydrodynamic traps. 17–19

However, without logic elements, the coding capabilities of
such systems are insufficient for the programming of
arbitrary algorithms. Although single logic operations were
shown in pressure-regulated flows of droplets over a decade
ago,15,16,24 their further integration has proved difficult,
inhibiting the creation of systems with nontrivial
functionalities. Advanced built-in control remains one of the
most important and open problems of microfluidics,
hampering the development of autonomous and portable
devices in line with the lab-on-a-chip concept.

Here, we address this issue and propose a droplet logic
platform enabling the building of sequential logic units with
multiple internal states. We use water droplets that do not wet
the channel walls, surrounded by oil as the continuous phase
(CP) that wets the channel walls. Droplets larger than the
channel cross-section are squashed between walls. This
peculiar environment limits the height of droplets to
dimensions where capillarity dominates over gravity, rendering
the latter negligible. Thus, the capillarity, minimizing the
surface area, forms elongated plug-shaped droplets with
rounded ends.25 The interface curvature introduces the
capillary pressure difference PL, sustained across the interface
and described by the Young–Laplace equation, which for a
droplet confined by the rectangular channel of width W and
height H and the surface tension � can be estimated as PL =
� (2H� 1 � 2W� 1). Here, we assume the shape of the droplet's end
to be prescribed by circles spanned between opposite walls of
radii W/2 and H/2, respectively.

The dependence ofPL on the local dimensions of the duct
implies that the transfer of a droplet to the more constricted
region increases the pressure inside the droplet. Thus, a
change of the channel lumen can be used to establish a
capillary well for the droplet. 26

A convenient way to introduce such a barrier for droplets
is to provide obstacles that locally decrease the height of the
channel from H to � (Fig. 1a). In crossing the obstacle, a
droplet penetrates the narrow slit, developing there the
protrusion with curvature radii � /2 and W/2 (Fig. 1a). Hence,
the breakthrough pressure PB, defined as a difference of PL

between the front and the back of a droplet, is:

PB = � (2� � 1 � 2W� 1) � � (2H� 1 � 2W� 1) = 2� (� � 1 � H� 1)

The droplet crossing the obstacle raises the pressure behind
it to PB (Fig. 1b), generating the pressure impulse, which
propagates in the network, carrying the information about
the droplet travelling through the barrier. However, until the
pressure drop acting across the droplet reaches PB, the

droplet cannot cross the barrier. Such a situation can occur
in microfluidic networks distributing the flow of CP between
parallel structures, where a droplet can be effectively
immobilized at the capillary barrier while the entire stream
of CP flows around through bypasses.18,23,26

In this work, we exploit both these advantages of the use
of obstacles—the generation of a pressure impulse and
droplet trapping. We design microfluidic structures with
stationary droplets assigned to logic states, where pressure
impulses are used for remote communication and for
triggering the device's embedded logic operations for the
sequential switching of states. We present this idea starting
from the experimental analysis of a simple example of a two-
state flip-flop device. Then, we develop the multi-state
decimal ring-counter. Finally, we demonstrate the feasibility
of the integration of such devices with the example of the
three-fold decimal counter counting 1000 droplets.

Results and discussion
Bimodal loop

First, let us consider a simple loop, which bifurcates the
incoming flow between two branches and then merges them
into one output. Simple laminar hydrodynamics explains that
the pressure drop � p in a channel is proportional to the flow
rate Q with the linear relation � p = RQ (ref. 27 and 28)
introducing the resistance R proportional to the length of the
channel and inversely proportional to the square of the cross-
sectional area.27 Analysis of the loop as two parallel resistors
implies that the incoming stream distributes between branches
with the ratio of flow rates inversely proportional to the ratio of
the resistances of the branches (see methods). Therefore, in the
case of an asymmetric loop, the flow through the branch of
lower resistance is the faster one. While such a single-phase
flow is steady, groups of flowing droplets distribute between

Fig. 1 The evolution of a droplet shape when crossing a barrier in a
channel. (a) Schematic side view of the channel with a barrier. H and �
– the height of the channel and the slit above the obstacle,
respectively. (I–VII) Consecutive shapes of a droplet during its travel
across the barrier from left to right. (b) Difference of Laplace pressure
between the front and the back of a droplet (estimated from
curvatures) as a function of the position of a droplet x relative to the
obstacle and normalized by H. The roman numbers (I –VII) correspond
to the pictures in (a).
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branches of the loop in a highly dynamic way, disclosing
complex periodic or chaotic behaviour. 21,29 The reason is that
the feedback mechanism was introduced by the droplets,
which prefer the channel of the higher flow rate while also
lowering the flow through the channel they resided in. 29

Here, we present the construction of a loop, where the flow
of droplets is deterministic, reproducible, and exhibits the
functionality of a simple finite state machine. Our design
(Fig. 2a) comprises two unequal branches with obstacles
(Fig. 2b) in each of them (for practical reasons, the dimensions
of these obstacles vary slightly – see methods). As we can
expect, the first droplet entering the loop travels to the shorter
and faster branch until it reaches the obstacle there (Fig. 2c).
In the series of trials, we set the constant input flow rate Qin

sufficiently low to keep the first droplet immobilized in such a
configuration (see methods). Therefore, even if the short
branch is blocked by the droplet ( Qshort = 0), directing the
whole flow to the longer branch ( Qlong = Qin), the generated
pressure drop does not exceed the breakthrough pressure of
the obstacle, QinRlong < PB. Here, Qshort and Qlong are the flow
rates in the short and the long branch of the loop, respectively,
and Rlong is the resistance of the long branch.

Such an altered flow of CP moves the second droplet to
the long branch. Hereby, the second droplet ‘knows’ about
the first droplet occupying the short branch and ‘decides’
adequately (Fig. 2d). When the second droplet reaches the
obstacle in the long branch (Fig. 2e), both channels become
obstructed, and the incoming flow of the CP builds up the
pressure behind droplets, exceeding breakthrough pressure
and allowing both droplets to cross the obstacles
simultaneously (Fig. 2e). In this way, the first droplet,
previously immobilized in the short branch, is now released
(Fig. 2f), and then both droplets leave the loop, resetting the
state of the device to the initial condition (Fig. 2g). Each
consecutive pair of droplets repeats the above sequence.

The presented system exhibits the functionality of the so-
called flip-flop sequential logic unit with two internal states
defining different functionalities of obstacles: the presence of
a droplet at the state-obstacle in the short channel indicates
the excited state, while the other trigger-obstacle initiates a
reset to the ground state without any droplet in the loop.

We conducted the quantitative investigation of the device
operation via the analysis of the selected pixels' brightness in
consecutive frames of the movie recorded during the
experiments (see methods). Thanks to that, we retrieved the
time-dependent digital signals, which assume only values of
0 or 1, corresponding to a droplet's absence or presence at a
given point, respectively (see methods for more details). The
signals from the selected points of the device put together in
the form of timing diagrams (Fig. 2h and i) show the device's
repetitive operation.

Decimal counter

In the considered above bi-modal loop, the first droplet
enters the branch of lower resistance. As we showed in our

Fig. 2 Bimodal loop. (a) Schematic view of the bimodal loop. (b) 3D
view of an obstacle fabricated by milling. (c –g) Experimental
micrographs of the flow of two consecutive droplets through the
bimodal loop (see Movie S1 †). Black dots – positions of the
measurements of droplet-presence-signals; Sin (in the inlet), Sst (at the
state), Str (at the trigger), and Sout (in the outlet). The signals were
obtained by the analysis of the brightness of pixels (see methods),
where two values, 0 and 1, are assigned to the absence and the
presence of a droplet, respectively. (h) Timing diagrams presenting all
signals together during the flow of the two droplets as a function of
time. Droplets in motion occupy a given position for a relatively short
time, thus marking narrow peaks in time-diagrams. The spikes in Sin

indicate consecutive droplets entering the system and can be seen as
a digital clock-signal. Soon after the peak of the first droplet in Sin, the
‘state’ signal Sst assumes value 1, and the droplet is immobilized at this
position. After the next peak of Sin indicating the entrance of the
second droplet, the peak of Str appears with the delay proportional to
the distance between input and trigger positions. Simultaneously, with
the Str-peak, the Sst assumes value 0, and the first droplet leaves the
static state position. Then, two peaks of Sout appear, indicating the
release of both droplets from the device. After that, the device resets
to its ground state (without droplets). (i) The repeatability of the
process – timing diagrams for the sequence of 10 droplets as functions
of dimensionless time � , where � = (time � t1 + � t)/� t: t1 is the time of
the appearance of the first droplet and � t is the mean delay interval
between droplets (see (h)). The rounded down value of dimensionless
time � corresponds to the total number of droplets, which have been
introduced to the device so far. For the convenience, we will use the
dimensionless time � in the subsequent analysis in this article. After the
first pair of droplets, the next third and fourth droplets entering the
system reproduce the identical sequence. Thus, the process is
reproduced for each consecutive pair of droplets. For the reference,
the rectangle shows the part of the timing diagram for the first two
droplets equivalent to the whole time-diagram showed in (h). The
mean time interval between two consecutive droplets entering the
loop was � t = 17.2 s, equivalent to the frequency of operations which
is equal to 0.058 Hz.
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previous work,30 a modified junction with a slit can fix the
custom direction of a droplet regardless of the resistances of
the branches. Such a solution provides a higher degree of
control, allowing the direction of the first droplet to the long
branch and swapping functionalities between loop-branches.
Thus, we can put the trigger-obstacle in the short branch,
while the state-obstacle is in the long branch (see Note S1
and Movie S2†).

In the next example (Fig. 3), we use such a modified
junction (Fig. 3b) to place 9 subsequent state-obstacles in the
long branch (Fig. 3a); hence, accounting for the empty loop
as the 0-state, the device exhibits ten states (Fig. 3h). The first
droplet entering such a refashioned loop halts at the first

obstacle in the long branch assigned to the first state
(Fig. 3c). As in the bi-modal loop, the next droplet chooses
the opposite, empty branch—in this case, the shorter one
(Fig. 3d)—and after touching the trigger-obstacle, it releases
the state-droplet from the first state (Fig. 3e). The state-
droplet keeps moving until it meets the next obstacle
(Fig. 3f), then sets the second state (Fig. 3g). Each subsequent
droplet moves the state-droplet one obstacle forward so that
its current position corresponds to the count of all droplets
that have been introduced to the loop thus far (Fig. 3h and
see Movie S3†). After the 10th droplet, the state-droplet leaves
the loop, resetting it to the ground state, and the sequence
starts from the beginning (Fig. 3i).

Permutations

In addition to the obvious analogy to the 10-modulo ring-
counter, the device performs a transformation by rearranging
the initial droplet sequence. Indeed, all droplets from the
second to 10th one leave the system before the first droplet.
Thus, the device performs the circular shift permutation � (i)
= (i + 1) modulo 10, transforming the sequence (1 2 3 4 5 6 7
8 9 10) into (2 3 4 5 6 7 8 9 10 1).

In order to increase the spectrum of permutations
available, we can use the serial combinations of the ring-
counters utilizing the fact that more complex permutation
can be decomposed into a series of base permutations, e.g.,
in computational science, the Heap's31 algorithm is used for
the efficient generation of all possible permutations. The
target permutation is decomposed into the series of
operations, wherein the single step, only a single pair of
elements interchanges.

The application of modified Heap's algorithm allows the
achievement of wide spectrum of permutations by combining
different circular shift permutations in a series, e.g.,
permutation transforming the sequence (1 2 3 4 5 6) into (6 5
4 3 2 1), as presented in Fig. 4 and Movie S4.†

Fig. 3 The decimal counter. (a) The schematic top view of the counter
with a trigger-barrier in the short branch and 9 state-barriers in the
longer branch. (b) 3D view of the special junction with a slit used to
direct the first droplet to the longer branch. 27 (c–g) Experimental
micrographs of the flow of two subsequent droplets introduced to the
counter (see Movie S3 †). (h) The position of the indicator-droplet
assigned to the state number i corresponding to the occupied state
position. The empty device is assigned to i = 0. (i) Signals of the
presence of a droplet Si from all 9 positions measured continuously
during the introduction of the series of 13 consecutive droplets. The
presence of the state-droplet at each i-th position was analysed by the
use of brightness analysis of pixels and assigned to the digital signal Si

(see methods). (j) The readout of the current count. Due to the
orthogonality of signals Si, the instantaneous vector of 9 signal values
can be transformed into one value of the readout (see methods). The
value of the readout (from 0 to 9) indicates the currently active state
and equals the result of the counting. The mean time interval between
two consecutive droplets entering the counter was � t = 2.7 s,
equivalent to counting 0.37 droplets per second.

Fig. 4 Microfluidic system performing permutation of the set (1 2 3 4
5 6) into (6 5 4 3 2 1). (a and b) Schemes of the microfluidic loops
performing base permutations. (a) ‘SWAP’ permutation: (1 2) into (2 1).
(b) ‘ROTATE’ permutation: (1 2 3) into (2 3 1). (c) The scheme of the
permutation-device consisting of base permutation-loops, ‘SWAP’ and
‘ROTATE’, connected in series. (d) The photo of the fabricated device
used in Movie S4.† The single permutation of six droplets was
completed within about 100 s.
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Three-fold decimal counter

The advanced finite state machines in microelectronics
utilize the integration of multiple elements in cascades so
that the number of all available states is the multiplication of
states of all connected components. For example, n bimodal
loops create a binary counter comprising 2n states (see Note
S2 and Movie S5†).

To integrate the decimal counters in a series, we
augmented the previous design with two separate outlets: the
excess-output and the signal-output channels (Fig. 5a, Note
S3 and Movie S6†). Two corresponding inlets ensure the
compatibility for connections of subsequent units. Such a

construction separates the trigger droplets from the state
droplets. Droplets that have passed through the trigger
branch are directed to the excess-output (Fig. 5b). Thus, the
excess collector channel receives trigger-droplets from all
antecedent counters. The state-droplet leaving a counter
enters the signal-inlet of a subsequent counter, thus
transmitting the information about each count of 10 to the
next counter (Fig. 5c). We integrated three such modules,
obtaining a 3-fold decimal counter (Fig. 5b). In such a
system, the first so-called 1×-counter counts units, and after
the enumeration of each 10 droplets, it sends the signal-
droplet to the next 10×-counter, which counts tens.
Consequently, the third 100×-counter receives a signal from
the 10×-counter and enumerates hundreds of droplets. The
running result of the count can be directly read out from the
positions of the droplets in the counters (Fig. 5d and e). The
experiments showed that the 3-fold counter works without
errors, correctly processing every 1000 droplets (Fig. 5f and
Movie S7†).

Conclusions
In the article, we aimed to restore, and substantially advance,
the original idea of purely hydrodynamic-regulated droplet
logic,15 whose beauty consists in the utilization of nothing
more than the interactions inherent for the confined
biphasic flow.

The examples of systems that we demonstrated here
showed that the large-scale integration of microfluidic logic
circuitries is feasible and can facilitate the device's embedded
encoding of the arbitrary analytical algorithm executed on
multiple beaker-like droplets. The exploration of this field is
promising for the development of lab-on-a-chip devices inter
alia for medical diagnosis and biochemical analysis.

In terms of the speed of operation, the presented devices,
performing about 1 operation per second, may look modest,
especially when compared with high-throughput automated
systems, e.g., for droplet sorting or cells counting. Indeed, the
maximal flow-rate and the efficiency are limited in order to
satisfy demanding conditions imposed by capillary well's
concept. However, the presented technology is attractive for the
applications demanding embedded control and high accuracy of
the combinatorial al gorithms more than the high throughput.

The implementation of advanced assays in portable
devices is one of the main motivations stimulating the
development of microfluidics. Modern analytical methods
like digital PCR or screening rely on the processing of
multiple independent compartments of the sample. 9 Thanks
to the use of droplets as tiny beakers, microfluidic techniques
offer the minimization of the volume of single
compartments, capacity for the processing of a large number
of aliquots, and precise manipulation techniques, which can
be applied to every droplet individually. 32

The development of microfluidic methods must account
for seemingly contradictory market-related demands – the
optimization of the compactness, portability, and ease of use

Fig. 5 The 3-fold cascade decimal counter. (a) The schematic top
view of the single counting-module. (b) Photo of the whole device
(taken after the counting of three droplets) with highlighted droplet
generation unit (DGU) and three counting-modules. The black dotted
line shows the trajectory of trigger-droplets, which travel via the
excess output into the excess-collector channel of the subsequent
clock-module. (c) The mechanism of the signal transfer between
subsequent counting-modules. The 10th droplet triggers the release of
the state-droplet from the 1 ×-counter. The state droplet travels
through the signal channel to the 10 × counter and stops at the first
state position initiating the count of tens. The 11th droplet enters the
empty 1×-counter and initiates the next unit's counting sequence. (d
and e) Micro-graphs showing examples of the instantaneous positions
of droplets for 125 and 568 counted droplets, respectively. (f) The
readout from all counters together. We obtained the readout for each
counting-module separately, as described in methods. The top – the
sequence of 1050 droplets. The middle – magnification for the range
from 100 to 205 droplets. The bottom – magnification for droplets
from 120 to 132. The visible delay between signals from different
counters is caused by the time the signal-droplet needs to travel
between subsequent modules. The mean time interval between two
consecutive droplets entering the counter was � t = 0.91 s, equivalent
to counting 1.1 droplets per second.
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on the one hand, versus the increasing complexity of
laboratory algorithms on the other hand.

Thus, the integrated fluidic logic in microfluidics appears
as an attractive solution, offering both the passive regulation
in place of mechanical activators and the encoding of
advanced procedures in the architecture of the device.

We showed that our logic platform enables a variety of
concepts of microelectronics to be applied to droplet
microfluidics. Besides the examples presented in the article,
we can mention some other modules that can emerge via
further modifications and combinations of already known
structures, e.g., an adjusted version of the bimodal device can
work as a set/reset flip-flop for the synchronization of
droplets from two different sources (see Note S4 and Movie
S8†). Another solution can distribute droplets from a single
channel to several parallel ducts in ordered combination
(e.g., see Note S5 and Movie S9†). Such a joint or a split of
outputs is well-known in electronics as a multiplexer and
demultiplexer, respectively. They allow for the
implementation of droplet buses in microfluidic devices
similar to the data bus in computer processors.

In this preliminary research, we focused on the
presentation of the feasibility of the large scale integration,
providing the principles of the design and fabrication of logic
circuitries. The advantage of the presented platform is that
its elements can be connected (in series or in parallel) with
other microfluidic modules.

In the next step, we envision the combination of logic
structures with hydrodynamic traps, 18 which can process the
content of droplets thanks to the operations like merging
and splitting of droplets. This set of functions is enough to
mix the content of two droplets and divide it into even parts
again. In this way, two droplets align the concentrations of
reagents or interchange the populations of bacteria or cells.

As we showed in the previous work,18 the iterative repetition
of this procedure to the series of droplets dissolves the reagent
from the first droplet gradually in droplets containing the
buffer, finally resulting in the array of droplets with descending
concentrations. Such an operation can be seen and described
as a numerical low-pass filter processing the initial vector of
concentrations represented by a series of input droplets. The
logic operations can facilitate both the setting of the custom
input vector of droplets and the realization of more complex
procedures represented by other numerical filters.

The examples presented in the article allow for the
synchronization of droplets from different sources and their
permutations. Hence, two kinds of droplets (with and
without the reagent) can be independently generated and
then arranged in the desired order so that the application of
the filter would result in the custom shape of the output
signal of concentration distributions, e.g., sinus, saw-tooth,
triangular, etc. The output stream of droplets can be
permutated and processed again by the use of droplet to
droplet interchange. Such an iterative approach allows for
the realization of more advanced algorithms improving the
dynamical range of the concentration control.

The microfluidic hardware with built-in algorithms
manipulating the concentration of reagents in droplets and
interchanging the microbial populations can advance the
application and development of biological assays utilizing
statistical analysis of numerous sample divisions. Thus, we
envision that integrated logic circuitries are a promising field
of exploration as a potential direction of future microfluidics
evolution.

Materials and methods
Device fabrication

All the presented devices were fabricated by the milling of
channels, obstacles, and slits in a plate of polycarbonate
(Macrolon, Bayer, Germany) using a CNC milling machine
(Ergwind, Poland) with a reproducibility of the positioning of
5 � m. The chips with channels were bonded to flat slabs of
polycarbonate using a hot press at 135°C for 10 minutes. No
further channel modifications were applied.

The height and width of the square cross-section of
regular channels were 400 � m. In the course of numerous
trials, for the more reliable performance of the logic systems,
the dimensions of obstacles in the long and the short branch
of the loop were varied. We fabricated the obstacle in the
short branch with a width of 100 � m (measured along the
central axis of the channel) and a height of 200 � m (depth of
the gap above– � = 200 � m), while the obstacle in the long
branch had a width of 150 � m and height of 150 � m (depth
of the gap above– � = 250 � m). Varying dimensions allow for
the compensation of the contrast of resistances between
branches, thus improving the robustness of the microfluidic
logic systems. The height of all other slits in the modified
junctions or those connecting channels was 200 � m.

Liquids and flow control

To feed our systems with liquids, we used Nemesis pumps
(Cetoni GmbH, Germany) with glass syringes connected to
the inlets of the devices via PE-60 tubing (Beckton-
Dickinson, USA). In all experiments, we used two syringe
pumps for independent injection of two immiscible
liquids. The outlet channel was connected through the
tubing to the waste container.

We used hexadecane (Sigma Aldrich Co.) with the addition
of 1.3% Span 80 (Sigma Aldrich Co.) as the CP and Milli-Q
water as the droplet phase (DP). The DP was coloured by
methylene blue to increase the contrast between liquids for
the better visualization of droplets and for image analysis
improvement. The viscosity of the CP was estimated via the
measurement of the time within which the fixed volume of
the liquid flows through the calibrated capillary under a
known pressure drop. The viscosity of liquids (at 22 °C) was
3.6 mPa s for CP and 0.95 mPa s for DP. The interfacial
tension was measured by means of a pending droplet method
and for our set of liquids was 4.8 mN m � 1 (at 22 °C).
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Distribution of flows in a loop-like channels

The simple loop bifurcates the incoming flow Qin between
two streams, Q1 and Q2, in the two branches and then merges
them into one output, Qout = Qin . Analysing the single-phase
flow of CP, we use the linear Ohm-like28 relation � p = RQ,
relating pressure drop � p to flow rate Q. R = �� CLA� 2 is a
hydraulic resistance, where � is a geometrical factor,27 � C is
the dynamic viscosity of CP, and L and A are the length and
cross-sectional area of the channel, respectively. Considering
the loop as a parallel circuit of two resistors, we obtain the
splitting ratio Q1/Q2 = R2/R1 = L2/L1, implying that the flow
through the shorter branch (with lower resistance) is the
faster one.

The breakthrough pressure estimation

We estimated the breakthrough pressure experimentally for
both dimensions of the obstacles used in this paper. For this
purpose, we fabricated two loop devices (for each geometry of
the obstacle) with only one obstacle in the short branch. After
placing one droplet at the obstacle, we increased the flow
rate of CP until the droplet was removed from the loop. In
this way, in the series of trials, we estimated the critical
flow rate Qcrit , which demarcates the transition between
immobilization and passing-through modes.

Then, the values of breakthrough pressure were calculated
using the relation PB = Rlong × Qcrit . Here, we assume that
the whole flow is through the long branch only and
Rlong = �� CLA� 2, where � = 28.4 is the geometrical coefficient
of the square-shape cross-section of the channel, � C is the
viscosity of CP, L = 6.9 mm is the length of the long branch,
and A = H × W = (400 � m)2 is the cross-sectional area. The
values of breakthrough pressure, estimated in the above-
described way, are 7.78 ± 0.37 Pa and 12.59 ± 0.37 Pa for the
obstacles of the slit depth � which is equal to 250 � m and
200 � m, respectively.

Droplet generation

Droplets were produced in the block-and-brake type
T-junction generator, 33 which produces droplets of similar
size regardless of the ratio of rates of flow of both phases34

(see Note S6†). This solution ensures the appropriate size of
droplets required for the correct performance of microfluidic
logic units. The other factor that needed to be adjusted was
the frequency of droplets, which could not be too high.
Stationary flows of both phases yielded a constant frequency
of mono-dispersed droplet generation.

Image acquisition

The sequences of droplets flowing through the investigated
microfluidic devices were observed by the use of a
stereoscope (Huvitz HSZ-645TR) equipped with a CCD camera
(IDS UI-3274LE-C-HQ) to record movies during the
experiments. The recorded movies were stored for evidence
and further analysis.

Measurement of the signal of the presence of droplets

The presence or absence of a droplet at a given point of the
microfluidic network can be assigned to the signal, which
assumes Boolean values. We obtained time-dependent
signals from experiments via analysis of the light intensity of
selected pixels in the recorded movies. Due to the enhanced
contrast between both liquid phases, the value of intensity
fluctuates between two well-distinguishable levels. Applying
an appropriate threshold (average of extreme values) yields a
digital signal assuming only values of 0 or 1, indicating the
absence or presence of a droplet, respectively.

The readout of the droplet counting

All signals Si(t) from the decimal counter (see Fig. 3i) are
orthogonal ( �Si(t)|Sj(t)� = � ij), which means that only one state
can be active at one time, so the product of signals from
different state positions is 0. This feature can be used for the
transformation of the vector of the 9 signal values into only

one value of the readout: readout tð Þ ¼
X9

i¼1

i ×Si tð Þ. Such a

transformation yields the number from 0 to 9, indicating the
currently active state. The readout equals the modulo-10
counting of droplets.
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Accounting for corner� ow uni� es the
understanding of droplet formation in
micro� uidic channels
Piotr M. Korczyk 1,5, Volkert van Steijn 2,5, Slawomir Blonski 1, Damian Zaremba 1,

David A. Beattie 3 & Piotr Garstecki 4

While shear emulsi� cation is a well understood industrial process, geometrical con� nement

in micro� uidic systems introduces fascinating complexity, so far prohibiting complete

understanding of droplet formation. The size of con� ned droplets is controlled by the ratio

between shear and capillary forces when both are of the same order, in a regime known as

jetting, while being surprisingly insensitive to this ratio when shear is orders of magnitude

smaller than capillary forces, in a regime known as squeezing. Here, we reveal that further

reduction of—already negligibly small—shear unexpectedly re-introduces the dependence of

droplet size on shear/capillary-force ratio. For the� rst time we formally account for the� ow

around forming droplets, to predict and discover experimentally an additional regime—

leaking. Our model predicts droplet size and characterizes the transitions from leaking into

squeezing and from squeezing into jetting, unifying the description for con� ned droplet

generation, and offering a practical guide for applications.
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In spite of the beautiful regularity in� ows of droplets in
micro� uidic networks at low Reynolds and capillary numbers,
their dynamics offers rich phenomenological complexity1–4

that prohibits predictive understanding. A striking example is the
� ow of a single droplet through a microchannel5–8 for which the
most basic question how the speed of the droplet depends on� ow
conditions, � uid properties, and the level of con� nement still
lacks a full answer. The generation of droplets in micro-
channels9,10 using T-junctions11–19, � ow-focusing20–22, co-
� ow23, step emulsi� cation24–29 and parallel devices30–32,
opened the new discipline of droplet micro� uidics33,34 that
revolutionized analytical methods in biology35 and medicine with
digital assays36, single cell sequencing37, or systems for research
on biological evolution38. Droplet micro� uidic systems are also
used to create new materials for pharmaceutical39–41, cosmetics42

and food43 industries. In a stark contrast to the bulk process of
shear emulsi� cation that is one of the more illustrative and simple
textbook examples of dimensional analysis, generation of droplets
in con� nement is still not completely understood.

The � rst micro� uidic device used for the generation of dro-
plets, a T-junction, was proposed by Thorsen et al.11, who
demonstrated that the dynamics of droplet formation is generally
governed by surface tension and viscous shear, while body forces
such as inertia or gravity play little role9,13. Depending on the
relative magnitude of surface tension and shear, as captured by
the capillary number (Ca), and on the contrast of viscosities
between the two phases, distinct“visco-capillary” regimes have
been identi� ed10: dripping13,14,16,22,44,45, jetting44–46 and parallel
co-� ow47. Soon after, it was discovered that“capillary-domi-
nated” formation of droplets in microcon� nement results in
droplet sizes that only depend of the ratio of the� ow rates of the
two immiscible liquids, completely independent of Ca, as
described by the squeezing model12,48. This simple relation
between droplet size and� ow rates as well as the low poly-
dispersity of the generated droplets makes the squeezing regime
attractive for applications, where high precision and reproduci-
bility are required in combination with independence on material
parameters such as, e.g., the viscosity of the sample liquid. Ef� -
cient use of this technique thus requires a good understanding of
the limits of the squeezing regime. However, the squeezing model,
while commonly accepted, does not account for the� ow of
continuous liquid past the droplet while it is formed.

We show in this paper that the neglect of this corner� ow
entails spectacular failure of the squeezing model for vanishing
values of capillary numbers. By formally accounting for this
leaking� ow we predict and verify experimentally a number of
new features of generation of droplets in microcon� nement,
including an additional leaking regime at the lowest values of
capillary number, the existence of a previously unknown lower
bound of the squeezing regime, and scaling of the upper bound—
the transition from squeezing to jetting. The model that we here
demonstrate offers the unique attempt to a uni� ed mechanistic
description of the dynamics of droplet formation in micro� uidic
con� nement.

Results
Experimental evidence for the leaking regime. We studied the
formation of droplets in the commonly used geometry of the-so-
called T-junction11 (Fig. 1a). Our device comprises a perpendi-
cular intersection of two inlet channels that deliver two immis-
cible liquids, the droplet phase (DP) and the continuous phase
(CP), and a common output from the junction. The CP pre-
ferentially wets the walls of the channels and the droplets never
contact the walls, always being separated from them by at least a
thin � lm of the CP. This prevents pinning of a contact line, which

would render the dynamics irreproducible and hard to control.
Stationary in� ow of both phases into the junction causes a per-
iodic breakup of the DP into droplets.

We measured the length of droplets as a function of Ca, for
various ratiosq= QD/QC of � ow rates of the DP and CP (see
Fig.1b). We normalized the length of the droplets,LD, using the
width of the channel,W, aslD = LD/W, and de� ned the capillary
number as Ca= � CU/� , with � C the dynamic viscosity of the CP,
U = QC/HW the mean speed of the CP,H the channel height, and
� the liquid–liquid interfacial tension. The qualitative behaviour
obtained from these measurements is illustrated in Fig.1c. The
plateau in which droplet length is virtually independent of Ca,
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Fig. 1Droplet formation at a micro� uidic T-junction and experimental data
for the length of droplets versus the capillary number.a Snapshot
illustrating the geometry of the T-junction with channels of a square cross
section, i.e.W = H= 360 µm. QC and QD are the � ow rates of the CP
(hexadecane) and DP (� uorinated oil FC-40), respectively.LD is the length
of a droplet.b Experimental data—normalized length of a dropletlD = LD/ W
as a function of the capillary number Ca for differentq= QD/ QC. The blue
area highlights the region, where all curves have a plateau, interpreted as
the squeezing regime. The boundary at the bottom of this area is taken as
the minimum length for which squeezing is operative (lD � 2.5, dashed
line). c Schematic picture of the scaling of the normalized length of a
droplet, lD, with the capillary number Ca, as extracted from the full
experimental data set inb, illustrating the leaking, squeezing, and jetting
regimes
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con� rms the well-accepted squeezing regime12. The Ca-
dependent region at higher Ca indicates the—also known—
jetting regime. The most intriguing aspect of the data in Fig.1b, c
is in the range of vanishing Ca, where the length of droplets
explodes with Ca� 0. The squeezing regime not only spans a
narrower range of Ca than previously expected13 due to the
existence of the lower boundary, but also due to the dependence
of the upper boundary onq. Generally, the higherq, the narrower
the range of Ca for the squeezing regime, as clearly illustrated by
the highlighted area in Fig.1b. Given the strong Ca-dependence
in the here identi� ed leaking regime, a good understanding of the
mechanism that introduces this dependency is crucial for
practical applications and presented next.

Mathematical model of the leaking regime. The starting point
for our theoretical framework is the original squeezing model12,48,
which considers droplet formation as a two-step process (Fig.2a).
During the� rst ‘� lling’ stage, that starts when the previous droplet
has detached, the tip of the DP expands into the main channel and
� lls most of the junction. In the second,‘necking’ stage, the droplet
grows, extending downstream from the junction, while the CP
squeezes the‘neck’ (Fig.2b). De� ning the volume occupied by the
neck,VN(t), with respect to the shape of the neck at pinch-off, this
volume gradually decreases fromVN0 at the start of the necking
stage (t = 0) to zero at pinch-off (t = � ) (see Fig.2c). The space left
behind the moving interface is� lled by the incoming volume of
CP:V �

NðtÞ ¼VN0 � VNðtÞ. The� nal volume of a droplet,VD, can
be decomposed as the volume at the end of the� lling stage,V� ll,
and the volume added at a rateQD during the time� of the necking
stage. Hence,VD = V� ll + QD� . The original squeezing model
assumes complete blockage of the channel by the forming droplet
during the necking stage and calculates the necking time

as—simply—the time required for the continuous phase to displace
the volume initially occupied by the neckVN0, i.e. � = VN0/QC
(see Fig.2c). This assumption overlooks that a non-wetting droplet
does not� ll the corners of a channel that has a rectangular cross
section49,50, allowing the CP to� ow (leak) by the droplet through
these corners, the so-called‘gutters’15 (see Fig.2b). For an elon-
gated droplet steadily pushed through a straight rectangular
channel, Wong et al.5 pointed out that such a droplet acts as
a leaky piston with the fraction of the incoming CP� owing around
the droplet (through the gutters) increasing as Ca� 0. At low
Ca, it is hence expected that the fraction of incoming liquid
that passes by a forming droplet, and thus does not contribute
to the squeezing, is no longer negligible. This introduces a
Ca-dependence in the duration of the necking stage and hence
qualitatively explains the here observed Ca-dependence of the
volume of the droplets at Ca� 0. In channels without gutters, this
Ca-dependence hence should be absent. Indeed, additional
experiments using a T-junction with‘gutter-free’ circular channels
reveal that the length of the droplets varies weakly with Ca in
comparison to T-junctions with square channels (see Supplemen-
tary Note 1 and Supplementary Fig. 1). An interesting complica-
tion in the description of corner (or gutter)� ow around a forming
droplet—as compared with a droplet moving steadily through
a straight channel—is that the gutter� ow is dynamic due to the
simultaneous change in its driving force (interface curvature) and
in its resistance to� ow (length of gutters). Although earlier work
did assume a� xed, non-zero, fraction of the CP stream to� ow
around a forming droplet15, here we introduce the functional
dependence of the leaky� ow through the gutters on� uid prop-
erties and� ow conditions to establish a unifying description.

Speci� cally, we de� ne the instantaneous� ow rate of the
CP through a single gutter asQG(t) and through all four
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gutters combined asQB(t) = 4QG(t) (see Fig.2b, d). Then, the
� ow contributing to squeezing of the neck is
QNðtÞ ¼QC � QBðtÞ ¼dV �

N=dt ¼ � dVN=dt. The necking time
thus equals� ¼ VN0=�QN, with �QN being the time-averaged
squeezing rate. Introducing� = QB/QN as the relative leaking
strength and�� as its time average, we obtain� ¼ VN0

QC
1 þ ��ð Þ. The

droplet volume hence becomesVD ¼ Vfill þ qVN0 1 þ ��ð Þ. Rewrit-
ten in terms of the non-dimensional lengthlD = LD/W, using
LD � VD/HW, as is valid for long droplets51, we obtain:

lD ¼ l0 þ qvN0ð1 þ �� Þ ð1Þ

with l0 = V� ll/HW2 andvN0 = VN0/HW2. This analysis generalizes
the original squeezing model, recovered for�� ¼ 0. In order to
quantitatively predict the size of the droplets in the leaking
regime, we next derive the functional dependence of�� , on q
and on Ca.

We start from the� ow scheme depicted in Fig.2d and note
that the pressure difference associated with viscous� ow of the
CP through the gutters balances the pressure difference arising
from the sum of viscous� ow inside the DP and the difference in
curvature of the interface at the front and at the back of the
forming droplet. For the leaking and squeezing regimes (i.e. for
low Ca), viscous shear is unable to deform the interfaces such that
the Laplace law is used to calculate the pressure difference due to
a difference in curvature (KF versus KB) of the quasi-static
interfaces as� (KF � KB). The viscous pressure head over the
droplet and over the gutters equalsRD(QD + QN) and RGQB/4,
respectively, withRD andRG the hydrodynamic resistances of the
droplet and the gutter. The balance hence equals� (KF � KB) +
RD(QD + QN) = RGQB/4. For systems with a moderate viscosity
contrast,� D/� C, the viscous pressure difference inside the droplet
can be neglected with respect to that in the gutters, because the
cross-sectional area of the guttersAG is much smaller compared
with that of the droplet AD. We hence continue with the
simpli� ed balance:

� KF � KBð Þ ¼RGQB=4: ð2Þ

Considering the right-hand side of Eq. (2), the hydrodynamic
resistance of a gutter (RG) increases proportionally to the length
LG of the gutter:RG ¼ � G� C

A2
G

LG, with AG the cross-sectional area of

a gutter (in good approximation constant along the gutter and
independent of time) and� G a dimensionless geometrical
factor52. Referring to Fig.2d, we estimate the velocity of the
front of the droplet as (QD + QN)/AD and that of the back of the
droplet asQN/AD, such that the length of the gutter increases at a
rate equal to the velocity difference, i.e.dLG

dt ¼ QD=WH, where we
approximate the cross-sectional area of the droplet (AD) with the
area of the lumen of the channelWH. Considering the left-hand
side of Eq. (2), we note that the curvature at the front of
the droplet,KF ¼ 2

W þ 2
H, is approximately constant in time. The

curvature at the rear (i.e., at the neck) depends on the neck shape,
which is determined by the amount of the CP collected behind it,
i.e. by the value of the volumeV �

N. Adopting the
electric–hydraulic analogy that can be applied to single phase
low Reynolds number� ows, we describe the accumulation of
the CP behind the droplet akin to a charging capacitor: the
further the rear interface is pushed into the junction, the larger
the difference in curvatures at the rear and front, and hence the
more charge is stored. If one were able to instantaneously release
the driving pressures in the system during the formation of a
droplet (akin to switching off the main voltage supply in an
electric circuit), the capacitor would discharge, i.e., the forming
droplet would relax its shape inside the T-junction to an
equilibrium shape with similar curvatures at its front and rear.

Similar to electric RC circuits, the product of the capacitance and
resistance can be seen as the characteristic relaxation time. A
quantitative analysis of this time scale is provided in Supple-
mentary Note 2. Using this analogy, we model the curvature
difference as:KF � KB ¼ V �

N
C ¼ 1

W3H
V �

N
c ¼ 1

W
v�

N
c , with C a constant

(analogous to capacitance) characterising the rate of change of the
curvature withV �

N. Herec ¼ C
W3H and v�

N ¼ V �
N

W2H are dimension-
less equivalents ofC and V �

N, respectively. Before using the thus
obtained relation, we provide an intuitive physical interpretation
of the capacitance by connecting it to the classical derivation of
the Young-Laplace law. Considering a droplet of volume,
V, and surface areaA, the Helmholtz free energy, dF, equals
dF= � pdV + � dA. Near equilibrium (dF= 0), the pressure
difference across the droplet interface equals� p ¼ � dA

dV ¼ � K.
The curvature difference for a forming droplet,KF � KB, being

equal toV �
N

C can similarly be related to
dAN V �

Nð Þ
dV �

N
, i.e. the change in

neck area,AN, parameterized solely in terms ofV �
N. We hence

obtain
dAN V �

Nð Þ
dV �

N
� V �

N
C , with the corresponding interfacial free

energy, W, being equal to W ¼ � AN V �
N

� �
¼ 1

2
V �

Nð Þ2

C . The
capacitanceC can hence be interpreted as the coef� cient that
describes how the surface area of the neck,AN, and the interfacial
free energy stored in it due to its deformation by the CP, depends
on the volume of the CP collected behind the neck. Now,
we proceed with the main analysis by substituting the relation
KF � KB ¼ 1

W
v�

N
c in the pressure balance (Eq.(2)) together

with QB ¼ QC � QN ¼ QC � dV �
N=dt, to obtain:

� V �
N

W3Hc ¼ RG tð Þ � QC � dV �
N=dt

� �
=4. This equation resembles the

well-known equation for electric RC systems (Q
C ¼ � R� dQ=dt,

with Q the electric charge), although with a time-dependent
resistanceRG(t). The solution gives the� ow rate to the neck:

QN ¼ qCa
qCaþ � QC, with constant� ¼ 4

� G

A2
G

W3H
1
c. Note that the full

expression forQN includes an additional time-dependent term
that decays fast and can be neglected (see Supplementary Note 2).
Strikingly, this model predicts thatQN does not depend on time,
implying that, after a short initial transient, the� ow through the
gutters is constant in time. Consequently, the front of a forming
droplet should propagate at a� xed speed during droplet
formation22. Our experiments con� rm this surprising prediction
(see Supplementary Note 3 and Supplementary Fig. 2). Finally, we
arrive at the following expression for the relative leaking strength:
�� ¼ � ¼ QB

QN
¼ QC� QN

QN
¼ �

qCa. Incorporating this functional depen-
dence in Eq. (1), we obtain:

lD ¼ l0 þ qvN0 1 þ
�

qCa

� �
ð3Þ

This generalized equation implies that all data from Fig.1b
should collapse onto a single master curve when using this
functional form for the dependence of droplet size on the ratio of
� ow rates and the capillary number. Indeed,� tting a single set of
parameters� , vN0, andl0 to all our data, we� nd a single master
curve for�� ¼ �

qCa ¼ lD� l0
qvN0

� 1 as shown in Fig.3. We con� rm the
universality of this behaviour for different� uid systems and
channel sizes (see Supplementary Notes 4, 5 and Supplementary
Figs. 3, 4). For rectangular channels with different aspect ratios,
we con� rm that the general behaviour is the same, with the details
of the leaking mechanisms depending on the aspect ratio
(Supplementary Note 6, Supplementary Fig. 5 and Supplementary
Table 4). With the functional behaviour of the leaking strength
well captured, the generalized Eq. (3) accurately describes the
experimental data on droplet length (see also Supplementary
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Note 7 and Supplementary Fig. 6). This agreement demonstrates
that the present analysis captures the mechanisms governing
droplet formation in the leaking regime. Figure3 also shows that
the leaking regime transitions smoothly into the squeezing
regime. Without a sharp boundary, the lower limit of the
squeezing regime, in which droplet length does not signi� cantly
depend on Ca, may be de� ned asqCa� � , as evident from Eq.
(3). In case a particular application requires the sensitivity of the
� nal droplet length (with respect to Ca) to be less than a
threshold value of say 10% (�� < 0:1), qCa= 10� provides an
application-tailored lower limit for the squeezing regime.

Scaling of the squeezing to jetting transition. To explain why
� exp ¼ lD� l0

qvN0
� 1 deviates from the theoretical scaling�� ¼ �

qCa at
the largest values ofqCa, we take a closer look at the shapes of
the rear of the droplet at end of the necking stage. For the
capillary-dominated regime, we expect self-similar shapes of the
interface—that is, shapes that solely depend on the instantaneous
volume of the neckV �

NðtÞ. Considering the shape of the interface
at the moment of pinch-off, we observe that the shapes are indeed
all similar at lowqCa (Fig.4a). The volume� lled by the CP
during the necking stage,VN0—being directly related to this
shape—is the same for all these cases, and so is� . In contrast, the
interface shape prior to pinch-off is no longer self-similar at
higher qCa, i.e. no longer determined solely byV �

N. Viscous
deformation of the interface, so far left out of the description,
hence introduces a dependence onq and on Ca invN0, explaining
the deviation from Eq. (3) at highqCa, as observed in the inset of
Fig.3.

We hypothesize that, for the larger values ofqCa, the
instantaneous neck shape is not solely parameterized byV �

N, as

in the case for lowqCa, for which the� nal shape at pinch-off (for
V �

Nðt ¼ � Þ) has a universal value (though with different necking
times � for different conditions). To capture how viscous
dissipation altersV �

Nðt ¼ � Þ beyond the leaking regime, we
therefore introduce an additional parameter, which we call the
‘shape number’ S.

We derive an expression forS using Onsager’s variational
principle53,54, which is an extension of Rayleigh’s least energy
dissipation principle55. Onsager’s principle allows for taking into
account the dynamic change in free energy of the interface as well
as the energy dissipated by viscous� ow. It has been successfully
applied in the � eld of soft matter physics56. In isothermal
systems, Onsager’s principle minimizes the so-called Rayleighian
R, which takes the following general form57:

R ¼ � x; _xð Þ þ _Wðx; _xÞ: ð4Þ

Here,W is the interfacial free energy of the system with_W
being its rate of change.� is the dissipation function, which is
equal to half the rate of energy dissipation.x represents the set of
variables of the system and_x their time derivatives. In our
system, viscous dissipation is the only source of
energy dissipation. The rate of viscous dissipation for laminar
� ow can generally be expressed in terms of the hydrodynamic
resistance (R) and the � ow rate (Q) as RQ2 58. In our system,
for the larger values ofqCa, viscous dissipation mainly
stems from the� ow through the neck. For thatqCa range, gutter
� ows are negligibly small and the neck is squeezed by almost
all of the incoming CP (QN � QC). The � ow rate in the neck
itself hence equals the sumQC + QD. The viscous resistance in
the neck, RN, depends on its instantaneous shape and
hence is parameterized byV �

N and S. The dissipation

0

2

4

6

8

10

12

14

16

0 0.004 0.008

0.01

0.1

1

10

qCa = �

qCa = 10�

qCa = �

Leaking

Squeezing

T
ransition L-S

Transition L-S

Overlap Jetting

�2

–1�–exp =
lD – l0
q vN0

–1�–exp =
lD – l0
q vN0

qCa = 10�

qCa

0.002 0.006

10�5

qCa
10�310�4

Squeezing
(�–exp~0)

q = 0.25
q = 0.5
q = 1
q = 1.5
q = 2
q = 3
q = 4

Fig. 3 Experimental veri� cation of the leaking-regime-model. Master curve for�� experimentally determined from all data in Fig.1b using� exp ¼ lD � l0
qvN0

� 1
(Eq.3) and � exp ¼ �

qCa (de� nition) with � t parametersl0 = 1.46 ± 0.14,vN0 = 2.04 ± 0.11, and� ¼ 7:4 ´ 10� 5 ± 0:3 ´ 10� 5. In the leaking regime, the� ow
through the gutters is at least equal to the� ow to the neck (i.e.� exp � 1 forqCa� � ). By contrast, in the squeezing regime, the� ow though the gutters is
negligibly small compared with the� ow to the neck (i.e.� exp � 1 forqCa > 10� ). The intermediate regime (� < qCa < 10� ) is identi� ed as the transition
between leaking and squeezing. Inset: log-log master curve forqCa < 10� . Blue solid line: theoretical scaling�� ¼ �

qCa. All experimental data collapse on this
single curve in the leaking regime, while deviations of� exp from the theoretical scaling for�� at � exp < 0.1 are attributed to a remaining dependency ofvN0

(taken constant here) onq and Ca as explained later. The transition between squeezing and jetting does not occur at a single value ofqCa for curves with
different q, which is highlighted in the graph in the‘overlap’ region. In the next part, we will explain how to parameterize the system to capture the
squeezing–jetting transition for all these curves based on a single parameter
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function hence is estimated as� ¼ 1
2RN V �

N; S
� �

� QC þ QDð Þ2.
The free energy of the systemW is equal to the interfacial
energy of the neckW V �

N; S
� �

¼ � AN V �
N; S

� �
, whereAN V �

N; S
� �

is the instantaneous surface area of the neck. The rate of
change of the free energy can be estimated as
_W V �

N; S
� �

¼ �
� AN V �

N;Sð Þ
� V �

N

� V �
N

� t ¼ � K V �
N; S

� �
QN � � K V �

N; S
� �

QC,

with K V �
N; S

� �
the instantaneous curvature of the neck. We hence

obtain the following Rayleighian

R ¼
1
2

RN V �
N; S

� �
QC þ QDð Þ2 þ � K V �

N; S
� �

QC ð5Þ

Solving the minimization equation for the Rayleighian with
respect toS for � xedV �

N; dR
dS

�
�
V �

N
¼ 0; we obtain:

2
kS V �

N

� �

rS V �
Nð Þ

¼
QC þ QDð Þ2

QC
/ Ca 1þ qð Þ2 ð6Þ

wherekS V �
N

� �
¼ �

dK S;V �
Nð Þ

dS

�
�
�
�
V �

N

and rS V �
N

� �
¼ �

dRN S;V �
Nð Þ

dS

�
�
�
�
V �

N

, with

kS V �
N

� �
andrS V �

N

� �
both de� ned as positive functions based on the

expectation that largerSimplies larger deformation of the interface
(and hence largerK S; V �

N

� �
) and smaller viscous resistance (and

hence smallerRN S; V �
N

� �
). With the left-hand side of Eq. (6) only

depending on the shape of the neck, this analysis teaches that the
neck shape is fully governed byV �

N and the parameter Ca(1+ q)2,
which we call the‘shape number’ de� ned asS= Ca(1+ q)2. We
hence expect the same neck shape prior to pinch-off (V �

Nðt ¼ � Þ)
for different conditions, as long asSis the same. Before we test the
validity using experiments, we stress that the same analysis can be
applied for lowqCa with the neck shape solely parameterized in
terms of V �

N, with the Rayleighian being equal to

R ¼ 1
2RG � Q2

B
4 þ V �

N
C QC � QBð Þ. Minimizing R with respect toQB

for � xedV �
N, we obtain the same balanceV

�
N

C ¼ RG � QB
4

� �
as the one

derived using the momentum balance as a starting point,
con� rming the validity of the approach.

The above analysis predicts that, for the larger range ofqCa, all
neck shapes prior to pinch-off are uniquely de� ned by the value
of S. Remarkably, this is exactly what we� nd in experiments, with
all interface shapes collapsing onto a master shape for� xedS, as
evident from Fig.4b, c. Having established the physical origin of
this S-number, we� nalize the description of droplet formation.
We use theS-number to predict the upper boundary for
squeezing regime, and to explain the mechanism behind the
transition between squeezing and jetting.

At the limit of high rates of� ow in the squeezing regime, we
expect shear to wash the instability away from the junction, as
observed in the convective regime in jetting. Since this mechanism
is not captured in theS-number description, we expect that, in
that limit, the shape of the neck just before breakup (for
V �

Nðt ¼ � Þ) will no longer be uniquely captured byS. To test
this hypothesis experimentally, we determined the relation
betweenV �

Nðt ¼ � Þand S. We use the breakup distanceD (see
inset Fig.5a) as a proxy forV �

Nðt ¼ � Þas it is a well-de� ned direct
observable. Data for different values ofq collapse perfectly on the
same curve ford ¼ D=W � 1 and S� 0:017. For largerS, the
breakup shape is indeed no longer uniquely de� ned by S as
evident from the curves for differentq. We therefore interpret this
point (Scrit � 0.017) as the transition from squeezing to jetting,
supported by the experimental observation that for largerS, a long
thread of the DP penetrates the main channel, characteristic for
the jetting regime. This threshold value ofSaccurately predicts the
transition for all curves (Fig.5b). We note that, to the best of our
knowledge, theS-number criterion is the� rst attempt to provide a
universal scaling of the squeezing–jetting transition.

In summary, we derived a complete model for the generation
of droplets at low Ca under microscale geometrical con� ne-
ment. The explicit inclusion of the magnitude of the leaking
� ow of the continuous phase past a growing droplet allowed us
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c

Fig. 4 Variations of the shape of the neck.a The neck just before breakup for different values of Ca andq in a T-junction with channels of a square cross
section (W = H= 360 µm). All shapes are compared with the shape in the top left corner (white dashed line) with the differences highlighted in colour.
The diagonal lines separating the snapshots correspond toqCa= � andqCa= 10� . For the leaking regime (qCa <� ; yellow) and for the transition between
leaking and squeezing (qCa < 10� ; green), this clearly shows that the shape prior to pinch-off is the same irrespective of the values ofq and Ca, con� rming
that the parameters depending on the shape such asvN0, KB V�

N0

� �
and KB(0) are constant in the leaking regime and in the transition regime between

leaking and squeezing. For the squeezing regime (qCa > 10� ; blue) and the jetting regime (S> 0.017; red), the remaining dependency of the shape onq and
Ca is clearly visible.b Comparison of shapes of the neck for a variety of combinations ofQC and QD. For better visualisation, a T-junction with� attened
channels (W = 2H= 800 µm) was used. The left column—constantq(= 1), the right one—constantS(= 0.017). Snapshots in the same row were taken for
the sameQC (i.e. the same Ca).c Composition of overlaid images from each column fromb. It is visible that, although the length of a droplet is similar for
constantq (a well-known feature of the squeezing regime), the shapes of the neck differ signi� cantly. By contrast, these shapes are the same for constantS
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to uncover the leaking regime of drop formation and to
reformulate the squeezing model for the size of the droplets,
including the transitions between leaking and squeezing, and
between squeezing and jetting. The insights from this work can
be used to revisit droplet formation at low Ca in other common
geometries, such as Y-junctions, cross-junctions, and� ow-
focusing devices, including many� ne details such as the
in� uence of channel aspect ratio and viscosity contrast that, to
date, have escaped a uni� ed model of droplet formation in
micro� uidic con� nement.

From a practical point of view, the leaking regime is the least
attractive mode of breakup, because it presents a very sharp
dependence of droplet volume on the control parameters—such
as rates of� ow. One may either use the equations here described
to � nd the squeezing regime for channels with a square cross
section, or, easier, use a T-junction with circular channels that
preclude leaking and present a very wide range of parameters that
result in squeezing.

Methods
Device fabrication. We fabricated the chips via direct milling in polycarbonate
(PC) sheets (Macroclear, Bayer, Germany) using a CNC milling machine (Ergwind,
Poland). This machine has a reproducibility of positioning of 5� m. The milled
chips were bonded to a� at slab of polycarbonate using a hot press at 130 °C. No
further channel modi� cations were applied. The height and width of the rectan-
gular channels was 360 µm, except for the chips used to produce Fig.4b, c, Sup-
plementary Fig. 5 (W = 2H = 800 µm) and Supplementary Fig. 4 (W = H = 200
µm). These dimensions, which may be larger than those typically encountered,
were chosen to enable reaching low Ca values, without being constrained by the
lower limit of the� ow rate of the syringe pumps.

Experiments. We used a stereoscope equipped with a high-speed camera (PCO
HS1200) to record images of droplet formation. We analyzed the sequences of
images with a custom written script in MATLAB (Mathworks), which auto-
matically recognized droplets and measured their length. In order to obtain data
with a good precision, long sequences of droplets (typically > 30) were observed,
which for the low Ca values took up to 10 h.

In order to feed our system with liquids, we used Nemesis pumps (Cetoni
GmbH, Germany) with 100� l glass syringes, connected to the chip using PE-60
tubing (Beckton-Dickinson, USA). In addition, we performed some
measurements with 1000� l syringes to test whether the pumps generate
� uctuations in� ow rates that could disturb the measurements59. The
measurements from both syringes were in good agreement (see Supplementary
Note 8 and Supplementary Fig. 7), con� rming that there are no signi� cant
� uctuations in our feeding system. Having con� rmed that the syringe pumps
produce steady� ows for our range of operating conditions, we have chosen their
use over, for example, pressure driven systems, as they allow direct control over
the � ow rate.

We used� uorinated oil FC-40 (3M, USA) as DP and hexadecane (Sigma
Aldrich Co.) as CP for the measurements reported in the main article. We chose
this set after multiple attempts with different� uid combinations. The chosen� uid
system ensured the absence of wetting of the channel walls by the DP, without
further channel treatment or addition of surfactants. Dynamic effects resulting
from surfactant transport17 are hence not at play. Additional� uid systems used to
construct Supplementary Fig. 3 are further detailed in Supplementary Note 4 and
Supplementary Table 1.

Viscosities of the used liquids were estimated by measuring the time required
for a given volume to� ow through a calibrated capillary for a known pressure drop
over the capillary, which was controlled using a pressure regulator and a precise
manometer. We repeated the measurements for different values of the pressure
drop obtaining a linear relation between pressure drop and calculated� ow rate. A
linear � t provided the values of viscosities. This resulted in� C = 3.6 mPa s and
� D = 4.1 mPa s for hexadecane and FC-40, respectively. Values for the other� uid
systems are reported in Supplementary Table 2.

The interfacial tension between both liquid phases was estimated by the
pendant droplet method using a custom set-up enabling observation of the
interface of a pendant droplet of FC-40 immersed into hexadecane. We calculated
the interfacial tension by the use of a custom Matlab script applying the Laplace-
Young theorem to the droplet shape extracted from the acquired images. This
resulted in� = 7.3 mN m� 1 for the hexadecane—FC-40� uid system. Values for
the other� uid systems are reported in Supplementary Table 3.

Data availability
The data that support the plots within this paper and other� ndings of this study are
available from the corresponding authors upon reasonable request.
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Abstract
In the present paper, we provide evidence of the vital impact of inertia on the �ow in micro�uidic networks, which is dis-
closed by the appearance of nonlinear velocity–pressure coupling. The experiments and numerical analysis of micro�uidic 
junctions within the range of moderate Reynolds number (1 < Re < 250) revealed that inertial e�ects are of high relevance 
when Re > 10. Thus, our results estimate the applicability limit of the linear relationship between the �ow rate and pressure 
drop in channels, commonly described by the so-called hydraulic resistance. Herein, we show that neglecting the nonlinear in 
their nature inertial e�ects can make such linear resistance-based approximation mistaken for the network operating beyond 
Re < 10. In the course of our research, we investigated the distribution of �ows in connections of three channels in two �ow 
modes. In the splitting mode, the �ow from a common channel divides between two outputs, while in the merging mode, 
streams from two channels join together in a common duct. We tested a wide range of junction geometries characterized by 
parameters such as: (1) the angle between bifurcating channels (45°, 90°, 135° and 180°); (2) angle of the common channel 
relative to bifurcating channels (varied within the available range); (3) ratio of lengths of bifurcating channels (up to 8). The 
research revealed that the inertial e�ects strongly depend on angles between the channels. Additionally, we observed substan-
tial di�erences between the distributions of �ows in the splitting and merging modes in the same geometries, which re�ects 
the non-reversibility of the motion of an inertial �uid. The promising aspect of our research is that for some combinations of 
both lengths and angles of the channels, the inertial contributions balance each other in such a way that the equations recover 
their linear character. In such an optimal con�guration, the dependence on Reynolds number can be e�ectively mitigated.

1 Introduction

Classical microfluidics is seen as a domain of viscous-
dominated �ows, where simple Ohm-like circuit analysis 
(analogical to electric circuits) can be applied with su�-
cient precision (Oh et�al. 2012). That approach completely 

neglects inertia. However, there are loads of examples utiliz-
ing the inertial e�ects in micro�uidics (Carlo 2009; Nunes 
et�al. 2014; Amini et�al. 2014; Zhang et�al. 2015), showing 
that the impact of inertia can be signi�cant. Thus, this arises 
vital questions: how we can recognize if the inertia can be 
neglected in a particular micro�uidic system; what are the 
consequences of the unjusti�ed omit of this inertia; what are 
the limitations for the applicability of the electric-like-circuit 
analysis in micro�uidics?

The ratio of inertial and viscous interactions is described 
by the Reynolds number. For the �ow through a long chan-
nel, the Reynolds number is de�ned as �� � � �� � �  , where 
�  and �  are density and dynamic viscosity of the liquid, 
respectively, � —mean velocity of the �uid, � —the width 
of the channel. In the case of a circular pipe, experimen-
tally obtained critical Reynolds number Re � 2300 gives the 
upper limit for which the inertial e�ects can be neglected. In 
this range, the �ow through a pipe is thought to be laminar. 
According to Hagen–Poiseuille’s law, stationary, viscous, 
laminar and incompressible �ow satis�es the linear relation 
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between the pressure drop and volumetric �ow rate. There-
fore, Hagen–Poiseuille’s law can be seen to be analogical 
to Ohm’s law, where the pressure drop is equivalent to the 
voltage drop, the volumetric �ow rate is equivalent to the 
electric current and the so-called hydraulic resistance is 
equivalent to the electric resistance (Mortensen et�al. 2005). 
This analogy provides a simpli�ed description of the �ow 
through a micro�uidic channel, where the channel is treated 
as a one-dimensional wire, characterized by the constant 
resistance. The fact that the hydraulic resistance is propor-
tional to the length of a channel and inversely proportional 
to the square of its cross-sectional area (the diameter to the 
power of 4) allows to obtain the required resistance of the 
channels during the process of design and fabrication. More-
over, if the electric circuit analogy is satis�ed, the analytical 
solutions describing �uid �ow in micro�uidic networks can 
be derived from equivalent electric circuit equations which 
typically reduce to a system of linear algebraic equations 
(Oh et�al. 2012).

Due to its convenience, this methodology is very com-
monly applied in micro�uidics (Oh et�al. 2012), e.g.: in the 
design of concentration-dependent micro�uidic networks 
(Dertinger et�al. 2001; Yamada et�al. 2006; Lee et�al. 2009, 
2010), prediction of �ow distribution in hierarchical net-
works (Hulme et�al. 2007) design of systems built with com-
binations of discrete 3D modules (Bhargava et�al. 2015), 
investigation of systems for �ltering particles (Stiles et�al. 
2005), analysis of hydrodynamic trapping of droplets (Bithi 
and Vanapalli 2010; Korczyk et�al. 2013; Zaremba et�al. 
2018), prediction of �ow of droplets in micro�uidics net-
works (Engl et�al. 2005; Fuerstman et�al. 2007; Cybulski 
et�al. 2015, 2019; Zaremba et�al. 2019), description of for-
mation of droplets in micro�uidic systems (van Steijn et�al. 
2013; Korczyk et�al. 2019) and the generation of concentra-
tion gradation in droplets (Wegrzyn et�al. 2012).

Despite numerous examples of successful and impressive 
applications of linear approximation in modelling of �ows 
in micro�uidics, this approach has signi�cant limitations. 
Its reliability requires elimination from the design process 
any nonlinearity. However, inertial e�ects, even if negligible 
in straight, regular channels can appear for �� � ����  in 
any non-regular element of the micro�uidic network (Amini 
et�al. 2014) where the �ow is forced to submit to a sudden 
change of speed or direction (e.g. bends, branching point, 
contractions and expansions).

To minimize the impact of inertia, the micro�uidic net-
work can be built of only straight channels. However, the 
junctions linking the channels are unavoidable in the con-
struction of non-trivial micro�uidic networks. Commonly, 
the e�ect of branching points is assumed to be negligible in 
comparison with the resistance of channels. Although such a 
condition could be achieved by the use of appropriately long 
channels, it would cost the enlargements of the micro�uidic 

architecture’s size. Moreover, such an increase in the size 
of the device is contrary to the idea of miniaturization—the 
vital advantage of micro�uidics. Another way to damp iner-
tial e�ects is to keep Reynolds number low (e.g. �� � �  ), 
what can be obtained simply by decreasing the rate of �ow 
but with the cost of limiting the maximum throughput of 
the device. Micro�uidics is a very rapidly developing disci-
pline with an increasing area of applications including those 
which require high throughput (van Berkel et�al. 2011). In 
this context, the expansion of micro�uidics towards moder-
ate Reynolds numbers (or even higher ones) seems to be 
the unavoidable process. The challenge which micro�uidics 
faces now is to develop more complex, but still tractable, 
mathematical model(es) containing nonlinear e�ects, as 
there is no remedy to eliminate inertia. The main aim of 
this paper is to propose, verify and validate a new modelling 
approach concerning aforementioned issues.

In this paper, we analyse a junction as a source of non-
linearity in micro�uidic networks for moderate Reynolds 
numbers ( � � �� � ���  ). A junction, which connects at 
least three channels, is a ubiquitous element in micro�uidic 
devices. As shown in Fig.�1a, this junction allows for divid-
ing one inlet �ow ( � ��  ) into two output �ows � �  and � �  , 
where � �� � � � � � �  . In the reverse arrangement, it can be 
used to combine two input �ows into one output �ow.

The series of consecutive operations of splitting and 
merging of streams containing a sample and a bu�er allow 
for the precise manipulation on concentrations of com-
pounds. This approach is used to generate the desired dis-
tribution of concentration of reagents and for the generation 
of precisely de�ned gradients (Dertinger et�al. 2001; Yamada 
et�al. 2006; Lee et�al. 2009, 2010). The �nal result of the 
cascade of splitting and merging of �ows relies on the ratio 
of output �ows � � � � � � �  distributed in each splitting node. 
Hence, this distribution ratio needs to be determined at the 
design stage.

According to the linear approximation (as shown in the 
circuit diagram in Fig.�1b), the geometry of the junction is 
described by two parameters—the linear resistances of out-
put arms � �  , � �  . Thus, the pressure drops in both output arms 
are: � � � � � �� � � � � � � � �  and � � � � � �� � � � � � � � �  , 
respectively. If the channels have the same cross sec-
tions, the resistances depend only on the lengths of arms 
( � �  and � �  ). Because � � � � � � �  , the ratio of �ows after 
splitting is given by the inverted ratio of lengths of outlet 
arms: � � � � � � � � � � � � � � � � � � �  . Note that although 
the real geometry of the junction is also described by the 
angles between the channels: � �  and � �  , these angles are not 
taken into account in the linear approximation. The con-
sequence of such a reduced description is that the linear 
model predicts the output �ows ratio �  constant, regardless 
of the change of the magnitude of total incoming �ow � ��  . 
In other words, it does not account for any dependence of 
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�  on the Reynolds number. In the range of Re numbers in 
which this linear approximation is correct, the design of the 
micro�uidic network enables the encoding of an arbitrary 
series of dilutions, where each dilution is hard-wired into 
the architecture by the ratio of lengths of channels behind 
each splitting point.

Although the linear approach has been commonly applied 
for a variety of micro�uidic systems, there are examples in 
the literature, where the linear approximation for micro�u-
idic junctions failed the proper prediction of the splitting 
ratio. Zeitoun et�al. analysed the T-junction as an asymmetric 
splitter of incoming �ow introduced through the inlet arm 
connecting with both outlet arms at a right angle (Zeitoun 
et�al. 2013). The asymmetry was introduced by di�erent 
lengths of outlet arms (di�erent hydraulic resistances). They 
proved that the ratio of the output �ows depends on the mag-
nitude of the input �ow. The higher the input �ow � ��  (the 
higher Re), the higher the discrepancy from the prediction 
of �  given by the linear resistance analysis. The authors have 
assumed that these nonlinearities are introduced by the start-
up �ow e�ect. This model, however, does not include any 
impact of the angle between the arms.

The experimental �ow observations and CFD simula-
tions in micro�uidic junctions revealed that the �rst signs 
of secondary �ows could appear for Re < 1 (S.�Suteria et�al. 
2018). Other research disclosed formation of three-dimen-
sional �ow patterns with more complex morphology (even 
for Re < 200), such as standing recirculation zones with thin-
layered spiral secondary �ows (Karino et�al. 1990; Vigolo 
et�al. 2014; Ault et�al. 2016; Oettinger et�al. 2018) and even 
�ow reversal zones (Karino et�al. 1990). Due to the high dis-
sipativity of such structures, they signi�cantly contribute to 
the pressure drop driving the �ow. The asymmetry of those 

structures in asymmetrical junctions can be problematic for 
the prediction of the splitting ratio of output �ows.

Berkel et�al. built a system for rapid blood cell analysis 
(van Berkel et�al. 2011). They used this system containing 
a junction to divide the sample liquid into parts in required 
proportions, which then were being mixed with a bu�er 
to �nally obtain the required concentration of the sample. 
To circumvent the impact of the nonlinearity and make 
the device independent on the input �ows, they investi-
gated numerically di�erent junction combinations. Finally, 
through a series of trials, they found the geometry which sat-
is�ed their requirements. This work has shown that inertial 
e�ects depend on the angles between the channels. However, 
the analysis of the impact of the angles has been limited only 
to the optimization of a single device.

Oh et�al. in their review on electric circuit analogy in 
micro�uidics noticed that nonlinearities in junctions can be 
problematic (Oh et�al. 2012). They advised the use of slanted 
junctions instead of right-angle junctions to minimize these 
e�ects. This conclusion rightly suggests the impact of the 
angles on the inertial e�ects; however, it is rather an intui-
tive remark, which lacks deeper quantitative consideration.

The junctions in larger scales and for high Reynolds num-
ber have been investigated as a part of pipe systems (Mat-
thew 1975; Hager 1984; Bassett et�al. 2001) or as a part of 
vascular networks (Mynard and Valen-Sendstad 2015). In 
hydraulics, elements such as junctions or bends are con-
sidered to be a source of substantial pressure losses and 
described by the local pressure losses coe�cients. These 
coe�cients have been in general estimated experimentally 
for di�erent geometries and are widely used in the prac-
tice of design of pipe systems (Idelchik 2005). While some 
concepts of hydraulics can be transferred into micro�uidics, 

Fig. 1  The geometry of a junction and its electric representations. a 
The scheme of the micro�uidic junction. b Electrical circuit diagram 
representing the junction in linear approximation—the �ow depends 
only on linear resistances determined by the lengths of its arms. c The 
extended diagram, which includes dependence on the angle between 

arms of the junction. The in�uence of the angle between the arms on 
the local pressure loss is presented in the diagram as variable resist-
ances �� �  and �� �  depended on Re. The highlighted red area in all 
graphs corresponds to the region of the junction or its representation 
in an equivalent circuit diagram
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that cannot be done directly without appropriate adaptation. 
The reason is that the scope of hydraulics is the range of 
high Reynolds numbers, while micro�uidics operates within 
small or moderate Reynolds numbers, where both viscous 
and inertial interactions are essential.

Therefore, the challenge is to describe pipe-like systems 
within the transitional range starting from low to moderate 
Reynolds number—in the range of the majority of micro�u-
idics applications. The knowledge of this transition is vital 
to judge the applicability of the linear, electric-like circuit, 
analysis of micro�uidic systems. The other goal is to �nd 
the description, which takes into account nonlinearities 
and allows for the proper analysis of nonlinear micro�uidic 
systems.

In this paper, we developed an experimental approach, 
which allows for precise and e�ective investigation of the 
splitting ratio �  in micro�uidic junctions for moderate Re. 
We show measurements of �  as a function of Reynolds num-
ber in a simple micro�uidic system of junctions. Signi�cant 
variations of �  clearly prove the discrepancy from the lin-
ear model. We show that the magnitude of these variations 
strongly depends on the angles between channels of the junc-
tion and more importantly, that for some combinations of 
angles these variations can be damped.

Additionally, we propose a mathematical model of a junc-
tion accounting for the inertial e�ects and its dependence on 
angles. The knowledge about the role of geometry allows 
us to design a micro�uidic junction, in which the sum of all 
nonlinear elements in the equations vanishes and the solu-
tion recovers its linear character and independence from the 
Reynolds number. This work provides a practical guide for 
minimization of the nonlinear e�ects by the optimization of 
the junction geometry.

2  Materials and�methods

2.1  Fabrication of�micro�uidic devices

The micro�uidic devices were fabricated by direct milling 
of the structure of channels in transparent, 5-mm-thick poly-
carbonate plates  (Makrolon® GP, Bayer, Germany) using a 
CNC milling machine (MFG4025P, Ergwind, Poland) and a 
2-�ute �shtail milling bit with a diameter of 385�µm (FR208, 
InGraph, Poland). Engraved channels (grooves) were 
cleaned out with a high-pressure water washer (Karcher, K7 
Premium, Germany), to remove turnings and loosely bound 
bulk material, formed during the milling process. Further, 
the milled chips were washed by hand with 1% water solu-
tion of Alconox detergent (Alconox, Alconox Inc., USA), 
washed with isopropanol and deionized water and �nally 
dried out by compressed air. Then, to obtain closed micro-
�uidic channels, the engraved plate was bounded to another 

�at slab of polycarbonate using a hot press (AW03, Argenta, 
Poland) at a temperature of 135�°C and with 0.1�bar/cm2 
pressure. The chip was kept in the press at this high tem-
perature for 10�min and then allowed to cool down remain-
ing under pressure. No further channel modi�cations were 
applied.

2.2  Measurements of�the�dye’s concentration

In all presented experiments, we used as an indicator sodium 
pyruvate (Sigma-Aldrich, Germany) in aqueous solution 
with starting concentration � �  = 100�mM. As the bu�er liq-
uid, we used distilled water.

We used a Multiskan Go Microplate Spectrophotometer 
(Thermo Scienti�c) to measure the absorbance of the mix-
ture collected in PMMA UV cuvettes (BRAND, Germany) 
with a minimum �lling volume of 1.5�mL.

All absorbance measurements were taken at the wave-
length of 316�nm, which corresponds to the local maximum 
in the spectrum of absorbance we took in the wavelength 
range from 200 to 500�nm.

As the principle of concentration estimation based on 
the measurements of absorbance, it is important to oper-
ate in the linear regime. Before all measurements of �ow 
ratios, the calibration curve was determined to investigate 
relation between absorbance and concentration. The series 
of measurements for concentrations of sodium pyruvate up 
to 600�mM allowed us to estimate the maximum level for 
the linear regime—about 100�mM. We used this maximum 
value of concentration as a base starting value of concentra-
tion in our experiments.

2.3  Flow control

The chip was connected with the syringes via polyethylene 
tubing (PE60 Intramedic Tubing, Becton–Dickinson, USA), 
and the liquids were dispensed by syringe pumps (NE-1000, 
New Era Systems Inc.). 100�mM aqueous solution of sodium 
pyruvate was inducted into one of the microchannels, while 
for the other input we used distilled water. Both pumps oper-
ate with equal �ow rates between: 5 and 350�mL/h. After 
�ushing the channels for 3–5�min and eliminating the bub-
bles to stabilize the �ow, 1.5�mL of the solutions was col-
lected in two cuvettes from each of two outlets. In order to 
reduce evaporation and changes in the concentration of the 
liquids, the cuvettes were closed at the end of every experi-
ment. Afterwards, the measurements of concentration from 
each cuvette were performed.

2.4  Numerical simulations

For the numerical analysis of the water �ow through the 
investigated channel’s junctions, we used steady, isothermal, 
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laminar model of incompressible, viscous liquid �ow, imple-
mented in ANSYS Fluent software. Therein, discretization 
of the liquid �ow model governing equations is obtained 
using the �nite volume method. Full, three-dimensional 
models of the analysed channel’s junctions were designed 
and created in Autodesk AutoCAD software and then trans-
ferred to ANSYS Meshing to generate the computational 
meshes representing the experimental devices. The bound-
ary conditions (known from experiment) were set as velocity 
inlets at the inlets to the model, and as pressure outlets (pres-
sure = 0) at the outlets. In the preliminary analysis, di�erent 
meshes were tested until a mesh independent solution was 
obtained. As a compromise between accuracy and compu-
tational cost, we choose the mesh having 20 × 20 elements 
in the cross section of the channel. Further, mesh re�ning 
caused much higher consumption of the computer’s operat-
ing memory and little to none changes of velocity magni-
tude in the centre of the channel (less than 0.1%). Performed 
computations delivered accurate details about the �ow struc-
ture in the analysed devices, including the �ow rates in indi-
vidual segments of the channel’s network.

3  Results and�discussion

In the following, we show the experimental evidence of the 
angle’s impact on the �ow distribution in a micro�uidic 
junction, on the example of a specially designed micro�uidic 
rectangular device. Afterwards, we extend the classical cir-
cuit analysis to provide the mathematical model accounting 
for the angles of the junctions. Next, using the new model we 
analyse numerically the micro�uidic junctions to investigate 
the possibilities for the mitigation of inertial e�ects by the 
adjusting of angles. Finally, on the example of the rectangu-
lar device, we show the minimization of the inertia’s impact 
which can be achieved by using the optimization formula 
obtained in the course of this research.

3.1  Experimental and�numerical evidence 
of�the�e�ect of�inertia

3.1.1  Experiments

The experimental investigations of the single micro�uidic 
junction (as shown in Fig.�1) may be problematic. They 
would require the use of direct measurements of the �ow 
with the use of: �ow-metres, pressure sensors (Kim et�al. 
2006); or indirect methods, e.g.: utilizing photobleaching 
(Cooksey et�al. 2019), micro-PIV measurements (Santiago 
et�al. 1998; Blonski et�al. 2007) or weighting the output 
�ows (Zeitoun et�al. 2013).

Here, we propose the concept of a symmetric, rectangu-
lar device for the precise estimation of the �ow distribution 

via the measurement of the indicator’s concentration. The 
micro�uidic device consists of two identical junctions (see 
Fig.�2a), which outputs are so connected that they ensure 
rotational symmetry on the whole device. Thus, the arms of 
the junctions form an internal rectangle. Two inputs of two 
independent in�ows are placed in the opposite vertices of 
the rectangle. Two other opposite corners serve as outputs.

If two input �ows are equal, the channel’s symmetry 
implies the symmetry of the �ow in the device. Therefore, 
the �ow rates on opposite sides of the rectangle are equal. 
Particularly, �ow rates in both long sides (of the length � �  ) 
are the same and equal � �  and similarly, �ow rates in both 
short arms ( � �  ) are identical and equal � �  (see Fig.�2a).

Let us consider the addition of the optical indicator with a 
concentration � �  in the liquid injected to one of the inlets (as 
shown in Fig.�2a) while the clear bu�er is injected into the 
opposite inlet. As illustrated in Fig.�2a, in our device the �ow 
of indicator � �  encounters the �ow of a bu�er � �  at the outlet 
I, while the �ow of indicator � �  encounters the �ow of bu�er 
� �  at outlet II. In result, we obtain di�erent mixing ratios at 
each outlet. Thus, the resultant concentrations of the indica-
tor are � � � � � � � �

�
� � � � �

�
 and � �� � � � � � �

�
� � � � �

�
 for 

outputs I and II, respectively (see Fig.�2a). What is important 
for our investigations, is that the ratio of these concentrations 
equals the ratio of �ows: � � � � �� � � � � � � � � .

As the concentration of the indicator is its quantity, which 
can be easily measured by the use of a spectrophotometer, 
the proposed design of the device provides a convenient 
method for the accurate and non-invasive measurement of 
the ratio of �ows � � � � �  . In our experiments, the quantity 
we measured directly by the use of a spectrophotometer 
was the absorbance �  , which according to the Beer–Lam-
bert law is proportional to the concentration. Thus, the ratio 
of �ows was estimated directly as the ratio of absorbances: 
� � � � � � � � � � � � ��  . This makes the estimation of �  inde-
pendent of possible �uctuations of starting concentration 
� �  . The above-proposed approach ensures the high preci-
sion of measurements and a high reproducibility of results. 
The spectrophotometer is a very common and rather stand-
ard equipment available in most laboratories. Hence, this 
method may be very simply implemented in the investigation 
of �ow distributions within micro�uidic networks.

In order to investigate the impact of angles between 
channels on the �ow distribution in junctions, we con-
ducted a series of experiments in rectangular devices with 
di�erent angles � �  and � �  (Fig.�2b). To focus solely on 
the impact of angles, we kept other geometric parameters 
constant, i.e. both lengths � � � ����� ��  and � � � �� ��  
with the constant � � � � � � � � � ���  and a constant sum of 
both angles � � � � � � �� �  , which sets the right angles 
between the output arms. All channels had a square cross 
section of the width � � ����� ��  , and relative lengths 
of arms were: �� � � � � � � �����  and �� � � � � � � �����  . 
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The internal rectangle formed by the sides � �  and � �  was 
an element repeated in the architecture of each device used 
in this research. The only elements with varying con�gu-
rations were two inlet channels and two output channels, 
which are connected to vertices of the rectangle at di�er-
ent angles � �  and � �  as shown in Fig.�2b. To minimize the 
number of varying parameters, the inlet and output chan-
nels were connected at the same angle ensuring the sym-
metry of the whole device. We have produced and tested 
devices characterized by the set of angles � �  with a step 
of ���� �  ; however, investigations herein are limited only 
to cases where both values of angles � �  and � �  were not 
larger than ��� �  and not smaller than � ��� �  . The reason 
for that is, for the omitted values of angles, the input and 
output channels would partially overlap the channels of 
the internal rectangle, as, e.g. for angles ��� �  or � ��� �  
they would overlap completely. Taking this into account, 
we chose the following set of angles � �  : � 135°, � 45°, 
� 22.5°, 0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°.

In order to obtain identical �ow symmetry of the �ow, 
we ensured the same conditions at both inlets and the same 
conditions at both outlets (as shown in Fig.�2). The liquids 
�owing out from the outputs were directed into UV cuvettes 
via tubing of equal lengths. The collecting cuvettes were 

placed at the same level, which ensured equal pressures at 
both outlets.

3.1.2  Experimental results and�numerical simulations 
of�rectangular devices

Parallelly to the experiments, we investigated the same set of 
micro�uidic geometries by the use of 3D numerical simula-
tions. In order to simulate the conditions of the experiments, 
we applied the same conditions to the device, i.e. equal volu-
metric �ow rates to both input channels and equal pressure 
to both output channel. Unlike in the experiments, where we 
used the chemical indicator and optical methods for indi-
rect measurement of the �ow ratio, in the numerical simula-
tions, the �ow rates in both channels-sides-of-rectangle were 
measured directly.

Figure�3 depicts the results of measurements of �  normal-
ized by � �  for di�erent devices characterized by the speci�c 
angle � �  taken in a wide range of Re. Therein, we present 
the results of numerical simulations as well. Both numerical 
and experimental data are very similar to each other. The 
minimal quantitative di�erences between simulations and 
experiment could be explained as a discrepancy between 
the ideal in silico case and the real experiment, which may 

Fig. 2  Schematic view of the experimental setup. a The idea of the experiment, b Con�gurations of inlets and outlets in the investigated micro-
�uidic devices for all considered angles
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be in�uenced by a number of factors. In the particular case 
of our experiments, the main issue might be the fabrication 
precision of the micro�uidic chip, which relies on a two-
step process including micro-milling and bonding. However, 
despite some quantitative discrepancies, the qualitative simi-
larity between both approaches is very good. Hence, we con-
clude, the numerical model can be used for the prediction of 
the �ow distribution in micro�uidic junctions.

Analysing data sets in Fig.�3, we can notice that for low 
Re all data for di�erent angles converge to unity ( � � � � � �  ), 

what proves for low Re the inertial e�ects vanish. So, in the 
regime of low Re there is no e�ect of the angle between the 
arms of the junction.

Observations of the data in Fig.�3 for higher values of Re 
implies that we can distinguish �� � �� —an arbitrary transi-
tion threshold between the range of Re where inertial e�ects 
can be neglected, and the range of Re where the inertia sig-
ni�cantly impacts on the distribution of �ows ( �� � ��  ). In 
the latter regime, the larger the Re is the larger the devia-
tion of � � � �  from unity. The rate of growth of this deviation 

Fig. 3  Results of the experimen-
tal measurements (solid lines) 
and numerical simulations 
(dashed lines) for the rectangu-
lar devices with � � � ���  and 
with di�erent angles of inlets 
and outlets. a The range of 
angles from � 22.5° to 112.5°. b 
The range of angles from 112.5° 
to � 22.5°
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depends on the angle � �  and—more importantly—for each 
geometry the slope of the curves in Fig.�3 depends on Re.

Extreme deviations of � � � �  unity in the case of our data 
sets are observed for � � � � ���� �  and � � � ����� �  . Those 
observations directly prove that the angles between the arms 
of a junction can signi�cantly in�uence the distribution of 
�ow in junctions. Thus, the linear approximation may be 
completely inadequate for the mathematical description of 
�ows in branching points for moderate Re.

The other interesting fact that we infer from the results in 
Fig.�3 is that the smallest deviations of � � � �  can be expected 
between � � � �� �  and � � � ���� �  . Notice that � � � �  rises 
with Re for � � � �� �  and decreases for � � � ���� �  . Thus, 
we can hypothesize that between these values of the angle 
� �  , there exists an optimal value for which the dependence 
on Re vanishes.

3.2  Mathematical analysis

The classical circuit analysis commonly used in micro�uid-
ics does not account for any nonlinear e�ects and cannot 
explain the results of above-described experiments, where 
we observed the dependence of �ows on both angle and Re. 
In this section, we propose a mathematical description which 
extends the linear circuit analogy. Here, we take into account 
the possible inertial e�ect that can occur in the junction. In 
this purpose, we adapt the hydraulic approach to the simpli-
�ed description of a network of channels.

3.2.1  Description of�the�pressure losses in�hydraulics

The pressure losses in the course of the motion of a �uid are 
due to the irreversible transformation of mechanical energy 
into heat. In classical hydraulics, two kinds of pressure 
losses are distinguished in principle: major losses (or fric-
tional losses) � � �  due to friction and minor losses (or local 
losses) � � �  due to the change of velocity, e.g.: in bends, 
expansions, contractions, valves, etc. (Idelchik 2005).

The energy di�erence can be expressed in terms of the 
Bernoulli theorem, which results in the following equation 
commonly used in hydraulics:

Here, � �����  and � ���  are static pressures at the start point 
and the endpoint of the hydraulic conduit, respectively. 
�
�
� � �

�����  and �
�
� � �

���  are dynamic pressures, which depend 
on the mean velocities � �����  and � ���  at selected points. The 
hydrostatic pressure is constant and is not relevant in this 
paper.

The major loss � � �  is caused by a viscous friction during 
the �ow of liquid in pipes and can be expressed by the use of 
the Darcy–Weisbach equation: � � � � �

�
�� � � � � �  . Where �  

(1)
�

� ����� �
�
�

� � �
�����

�
�

�
� ��� �

�
�

� � �
���

�
� � � � � � � �

is the density of the liquid, � —channel length, � —hydraulic 
diameter (here equal the width of the channel), � � � � �
—the mean �ow velocity calculated as the volumetric �ow 
rate �  divided by the cross-sectional area of the channel � .

The friction factor �  depends on the Reynolds number 
and the characteristics of the channel such as the shape of 
its cross section and roughness of walls. The friction factor 
in laminar �ows depends on the ��  as: � � �� � �  . Thus, in 
the laminar regime, �ow through the pipe can be expressed 
in terms of the modi�ed Hagen–Poiseuille equation, which 
general form, applicable to any cross section of the channel 
is:

Here, �  is the hydraulic resistance and �  is a non-dimen-
sional coe�cient of resistance depending only on the shape 
of the cross-section, e.g. � � ����  for square (Mortensen 
et�al. 2005).

The minor losses (or local losses) appear at a disturbance 
of the �ow in regions, where the �ow encounters a sud-
den change of geometry. While viscous losses take place 
along the entire length of the microchannel (and depend 
on �  ), minor losses are taken into account only locally: 
� � � � �

�
� � � �  , where �  is the local loss coe�cient, speci�c 

for the geometry, in which the pressure loss takes place 
(Idelchik 2005).

In the case of the junction, we can expect that the local 
coe�cients �  can display the impact of angles between the 
channels connected in the junction (Matthew 1975; Hager 
1984; Bassett et�al. 2001; Mynard and Valen-Sendstad 
2015). Indeed, the angles determine the change of �ow 
direction, but usually, they are neglected in the electric-like-
analysis of micro�uidic systems, where branching points are 
reduced to point nodes.

Here, we consider a junction connecting three channels 
of the same, square cross sections characterized with the 
width �  . At �rst, we consider only the case of a dividing 
junction which splits the incoming �ow � ��  into two out-
coming �ows � �  and � �  . We can expect that inertial e�ects 
can in�uence the splitting ratio � � � � � � � � � � � � � .

Let us write the Bernoulli equations for both out�ows in 
terms of local losses:

where � �  and � �  are coe�cients of local pressure losses for 
both outputs. We assume that they can be expressed by the 

(2)� � � � �� � � � � � � � �

(3)
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common function �
�
� �� � �

�
 of angles, � � � �

�
� � � � �

�
 and 

� � � �
�
� � � � �

�
 , respectively.

The above set of equations can be expressed with the 
terms of pressure drop � � � � �� � � �  , hydraulic resistances 
� �  and � �  and ‘inertial’ resistances �� �  and �� �  (see Fig.�1c):

where the hydraulic resistances are:

and the inertial resistances are:

Here, the Reynolds number is taken for the inlet �ow: 
�� � � � �� � � �  . For the simplicity of further calcula-
tions, we introduced � � � �

�
� � � � �

�
� �

�

�
� � � �

�
� �  and 

� � � �
�
� � � � �

�
� �

�

�
� � � �

�
� �  , where �

�
� �� � �

�
 is a func-

tion of the angles � � and � � of the junction.
The set of Eqs.�(5)–(6) leads to the following equation 

for � :

where � �  is a constant coe�cient set by the ratio of the 
lengths of the arms—� � � � � � � � � � � � � � � �����  . In this 
equation, the inertial resistances introduce dependence on 
��  . Notice that if the numerator and the denominator in 
Eq.�(11) are equal, it simpli�es to the form:

where � ���  is the optimal value of � �  , ensuring the independ-
ence of �  on ��  . Finally, from Eqs.�(7)–(12), we obtain the 
following relation:

Here, the coe�cient � ���

�
� � � � �

�
 is the optimal ratio of 

arms � � � � � � � �  for which � � �� � � ����� � � �  . The above 
implies that � ���  is solely a function of angles; hence, the con-
dition � � �� � � � �  can be obtained by the proper adjustment 

(5)� � � � � � � � �� � � �

(6)� � � � � � � � �� � � �
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� ��

(8)� � �
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(12)� � � � � � ���

(13)� ���
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� � � � �

�
� �

�
� � � � �

�

of the lengths of the arms � �  , � �  and angles � �  and � �  . In the 
optimal con�guration, � � � � � � � � � � ���

�
� � � � �

�
 and �  does 

not depend on �� .
Although we do not know the exact form of the equation, 

de�ning � ���  as a function of angles, we can state here the 
hypothesis that optimal adjustment of the geometry of the 
junction can exist. We explore this hypothesis later.

The set of Eqs.�(7)–(11) yields the following equation 
for � :

where �� � � � � � .
Introducing � �

��� � � � � � �  , Eq.�(14) reads:

The only non-negative solution of quadratic Eq.�(15) is 
given by:

Here, we still do not know the values of � �  , � �  and so � ���  , 
but we can assume all of them to be positive.

Investigating the limits of �  for both vanishing and high 
values of ��  , we obtain the limits:

and

Equation�(17) is in line with our previous expectation and 
the data from the investigations of the rectangular device. 
This explains that �  starts from � � �� � � � � � �  so for low 
��  it works analogically to electric circuits. Equation�(18) 
implies that for large values of ��  , value of �  tends to � ��� .

In other words, in the limit of low ��  [see Eq.�(17)] the 
distribution of �ows is determined only by the lengths of the 
arms of the junction ( � � � � � � � �  ), while for large ��  [see 
Eq.�(18)] this distribution is determined by the angles (as 
� ���  is the function of angles only). Thus, we can expect that 
� � �� � is an increasing function if � � � � ���  or a decreasing 
function if � � � � ���  . For � � � � ���  , the dependence on Re 
disappear. Thus, the above conclusions from the hydraulic 
description of the junction are in qualitative agreement with 
the previously obtained data.

In the following, we investigate separate junctions by the 
use of numerical simulations to show the di�erence between 
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the splitting junctions and the merging ones. Afterwards, 
we show that even with the lack of the explicit form of 
�

�
� � � � �

�
 we can provide the approximate description of 

� ���  as a function of angles.

3.3  Numerical investigations of�separate junctions

Once the numerical model had been veri�ed on the base 
of experimental data, we performed a series of numerical 
investigations of single junctions. The great advantage of 
numerical simulations is that the boundary conditions can 
be easily and precisely de�ned, and all parameters can be 
measured without any disturbance of the system.

Particularly in the case of our research, thanks to numeri-
cal simulations, we could investigate separately, single junc-
tions. The rectangular device used in experiments consists 
of four junctions, two splitting junctions and two merging 
ones. Measurements from that device yielded the evidence 
of the impact of angles, but the results are the combinations 
of e�ects from both junctions of di�erent types.

Although the general mathematical description can be 
applied to both kinds of junctions, due to the irreversibility 
of inertial �ows, we can expect that local losses are di�er-
ent. To investigate these e�ects separately, we conducted a 
series of numerical experiments in single junctions of both 
types (see Fig.�4). In the case of simulating the single split-
ting junction, we set the same pressure on both outlets of the 
junction and a constant �ow rate in the input channel. In the 
case of the simulation of the single merging junction, we set 
the same pressure on both inputs and the constant �ow rate 
in the common output channel.

In order to avoid uncertainties in the comparison of 
results from di�erent separate junctions, in all considered 
cases we kept � � � �� ��  constant, changing � � � � � � � �  
by adjusting � � .

3.3.1  Flow through�a�splitting junction

The example results of the simulations of the �ow through 
the splitting junctions are presented in Fig.�5a where we 

compare data for junctions characterized by two di�erent 
values of parameter � �  (0.5 and 4). We investigated di�er-
ent con�gurations of junctions changing angles � �  and � �  , 
keeping the sum of these angles constant ( � � � � � � �� �  ). 
Hence, two output arms form the right angle and only the 
angle of the input channel changes. The length of the �rst 
arm in both cases was the same and equal to � � � �� ��  , 
what for the width of the channel � � ����� ��  results 
in a non-dimensional length �� � � � � � � �����  . For both 
values of � �  , we used a set of angles of the inlet channel 
characterized by the angle � �  within the range from –45° 
to 135° with a step of 22.5°. For each geometry of the 
junction in numerical simulations, we estimated the ratio 
of �ows � � � � � � �  as a function of Reynolds number in 
the range from 3.85 to 269.5.

The results, depicted in Fig.�5a, reveal the signi�cant 
di�erences between junctions with di�erent angles. Value 
of � � � � � � �  is approximately equal � �  for small Re, while 
for larger Re, �  depends signi�cantly on Re. Depending on 
the value of � �  , �  can be a decreasing or increasing func-
tion of Re. In any case, the deviation of �  from the value of 
� �  rises systematically with Re, with the rate of this devia-
tion depending strongly on the angle � �  . We can guess 
from the graph that the least deviation can be observed 
in the case for � � � ���  for the angle � �  between 45° and 
67.5°, while for � � � �  the optimal angle is less than 22.5° 
but more than 0°. These observations con�rm our previous 
assumption that the optimal angles of the junctions are not 
universal, but they depend on � �  . In order to compare the 
deviation rate of di�erent curves from the characteristic 
value of � �  , we quanti�ed it by the use of a non-dimen-
sional deviation coe�cient �  de�ned as follows:

where �� ���  is the top limit of the range of Reynolds num-
ber used in the simulations. Figure�5b plots the values of the 
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Fig. 4  Two arrangements of the 
�ow in junctions: a the splitting 
junction, b the merging junction
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deviation coe�cient �  as a function of angle � �  calculated 
for the data sets from Fig.�5a.

This clearly shows the high variation of the deviation 
rate for di�erent angles for a given junction. Dependence 
of the coe�cient �  on the angle can be used for the esti-
mation of the optimal con�guration by �nding the mini-
mum of �  . In this paper, for practical reasons, we limited 
ourselves only to the minimization of �  for positive values 
of angles � �  and � �  , however, as we can see in Fig.�5b the 
optimal conditions may exist for negative angles as well 

(see data for � � � �  , � � � � �� �  ). For better resolution of 
the optimal value estimation of the angle � ���  , we used 
quadratic interpolation for three data points nearest to the 
local minimum.

We repeated the above-mentioned optimization procedure 
for more junction con�gurations changing the value of � �  
within the range from 0.25 to 8 and for di�erent sums of 
angles � �  and � �  (45°, 90°, 135°, 180°), keeping �� � �����  
constant for all junctions. The optimal sets of angles for dif-
ferent values of � �  are plotted in Fig.�6.

Fig. 5  Numerical analysis of the 
dividing junction. a � � � � � � �  
as a function of Re for two 
examples of � �  (= 4,0.5) and for 
� � � � � � �� �  . Each data series 
corresponds to di�erent angles 
between channels character-
ized by the speci�c values of � �  
(see the legend and schematic 
presentations of the geometry 
of junctions on the side panels). 
b Non-dimensional deviation 
coe�cient �  [see Eq.�(19)] 
as a function of angle � �  for 
the data series presented in a. 
The additional solid lines—the 
quadratic interpolation for three 
data points nearest the local 
minimum. The inset—optimal 
geometries of junctions, corre-
sponding to estimations of � ���
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Looking for an e�ective and simpli�ed optimization for-
mula, we �tted the following equation to the obtained data 
points:

In result, we obtained the following values of �tting 
parameters: � � ��� � �� � � � ��� � �� � �  and � � � ���

�
� ���

�
 . 

Neglecting the vanishing parameter �  , we rewrite the opti-
mization formula in the following compact form:

To test this optimization formula, we plotted in Fig.�6 
additional lines for constant values of � �  , which very 
well agree with the data points obtained from numerical 
optimization.

3.3.2  Flow through�a�merging junction

We conducted numerical simulations for junctions, with 
reversed flow (see Fig.�4). In this case, two input flows 

(20)� � �
� � � �

� � � � � �

� � � �
� � � � � �

(21)� � �
� � � ���

�

� � � ��� �

meet in the junction and merge forming one output flow. 
In order to describe the flow, by analogy, we can use an 
equation similar to Eq.�(14):

where the additional coe�cients �� �  and �� �  are introduced 
to distinguish them from the coe�cients � �  and � �  for the 
splitting junction. Function ��

�
� �� � �

�
 describes the depend-

ence of the local loss coe�cients on angles: �� � � ��
�
� � � � �

�
 

and �� � � ��
�
� � � � �

�
.

In this case, the numerical results reveal that unlike in 
the case of a splitting junction, in the merging junction 
�  does not depend signi�cantly on the angles (compare 
Figs.�5a and 7). This is not surprising as the local reverse 
�ow regions are not created. That suggests that in the case 
of the merging junction the main reason for the pressure 
loss is the change of the total cross section of the �ow.

Let us assume that ��
�
� �� � �

�
 can be expressed as a sum 

of a constant coe�cient �  and an angle-dependent part 
�

�
� �� � �

�
 : ��

�
� �� � �

�
� � � �

�
� �� � �

�
 . Because we observed 

that �  weakly varies with the angle in the merging junc-
tion, we can assume that � � �

�
� �� � �

�
 . Applying the fol-

lowing substitution �� � � �� � � �  in Eq.�(22) and dividing 
both sides of the equation by � � � � � , we obtain:

In the range of Re where �  does not significantly 
differ from � �  , we can use the following approxima-
tion—� � � � � �

�
� � � �

�
 , which applied to Eq.�(23) leads 

to the following linear relation for � � �� �:

Via the �tting of Eq.� (24) to the data sets obtained 
from numerical simulations, we estimated that parameter 
� � ���� .

The optimizing formula given by Eq.�(13) is formally 
the same in the case of both type of junctions, so in case 
of the merging junction we can state:

Here, we distinguish �� ���  as an optimum for the merging 
junction. As we mentioned above in the case of the merging 
junction �� � � �� �  , thus �� ��� � �  . The conclusion is that unlike 
in the case of a splitting junction, the �ows in merging junc-
tions weakly depend on angles. So, practically this implies 
that the merging junction cannot be balanced for � �  other 
than 1 while adjusting the angle.

(22)��
�
��

�
�� � � � � �� �

�
�

�
� � � �

�
� � � � � �

(23)��
�
��

� � � � � �
�
� � � �

�

(24)� � �� � � � � � ��
�
��

�
� � � �

�

(25)�� ��� �
�

�� � � �� �

Fig. 6  Optimal values of angles � �  and � �  for di�erent values of � �  
estimated from numerical simulations. Markers—the data obtained 
from numerical optimization (see legend). The solid lines—plots of 
the optimization formula [see Eq.� (21)] for di�erent values of � ���  , 
as indicated in the graph. The dashed lines—isolines of the constant 
sum of angles
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3.4  Optimization of�the�rectangular device

Above, we analysed the e�ect of inertia in both the splitting 
and the merging junctions, separately. Usually, micro�uidic 
networks consist of both these types of junctions (e.g. our 
rectangular device). The e�ective minimization of inertial 
components in the mathematical models of such networks 
requires knowledge about the values of coe�cients �

�
� �� � �

�
 

and ��
�
� �� � �

�
 . However, this preliminary study does not 

provide the explicit formulas of angle-dependence of these 
important coe�cients.

Despite the lacks mentioned above, the important and 
useful result of this work is the optimization formula for 
the splitting junction given by Eq.�(21). Hence, that raises 
the question, if this formula can be used for the �rst attempt 
of inertial e�ect mitigation in micro�uidic systems com-
prising both kinds of junctions. Comparing the results from 
the rectangular device (Fig.�3) and both types of junctions 
(Figs.�5 and 7), we can observe the qualitative similarity of 
the rectangular device and the splitting junction, consisting 
in the high dependence on the angle in both cases. That sug-
gests that in the system consisting of both the splitting and 
the merging junctions the inertial e�ects occurring in the 
splitting junctions dominate in regards to the performance 
of the whole device.

These conclusions imply that the �rst attempt of micro�u-
idic network optimization can be made by neglecting the merg-
ing junctions and by only accounting for the splitting junc-
tions. We applied this approach in the case of our rectangular 
device using the optimization formula [Eq.�(21)] for � � � ���  , 
� � � ��

�
� � �  and obtained � � � ��

�
 . It is worth to notice the 

yielded value of � �  is between ��
�
 and ����

�
 as we predicted 

from the experimental analysis of the rectangular device.
In order to test the e�ciency of this optimization, we per-

formed both numerical and experimental analysis of the rec-
tangle device with � � � ��

�
 , as presented in Fig.�8. The results 

show that thanks to the application of the simpli�ed optimiza-
tion procedure, the impact of inertia in the micro�uidic net-
work can be e�ectively reduced. In the case of the presented 
data, the deviation caused by the inertia is less than 5%. Even, 
if the inertial e�ects do not vanish completely, it is still much 
better to use the proposed optimization than choose the angle 
randomly (compare Figs.�3 and 8).

4  Conclusions

In this study, we show the experimental evidence of the 
impact of inertia on the distribution of �ows in micro�uidic 
networks in the range of moderate Re. To our knowledge, 

Fig. 7  Numerical analysis of the merging junctions. � � � � � � �  as a function of Re for four examples of � �  (= 4, 2, 1, 0.5) and for � � � � � � �� �  . 
Each data series corresponds to di�erent angles between channels characterized by the speci�c values of � �  (see the legend)
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this is the first attempt to estimate the effect of angles 
between channels on the magnitude of inertial e�ects and 
assess the consequences of this e�ect for the �ow distribu-
tion in micro�uidic architectures. We show that the iner-
tial e�ects, within the range of moderate Re, cannot be 
neglected; contrary, they may be critically a�ecting the �ow.

The important outcome of this research is the optimiza-
tion formula, which can be used for the e�ective mitigation 
of the nonlinear e�ects via the proper design of connections 
between channels. Thus, the output of this research is essen-
tial for the correct prediction of the operation of micro�uidic 
networks and for its practical applications.

The presented study is a preliminary attempt to deal with 
nonlinearities in micro�uidics. Some questions arose in the 
course of this work have been left without an answer and 
require further analysis. Although we provide guidelines, 
which can help in the �nding of optimal angles for the miti-
gation of nonlinearities, we do not explain why a particular 
set of angles favours balancing the inertial e�ects in both 
arms of junctions. Our preliminary observations of �ow pat-
terns obtained from CFD revealed the spatial complexity of 
three-dimensional structures including secondary �ows and 
�ow reversal zones. The understanding of the role of these 
structures requires the analysis of their e�ect on the dissipa-
tion of energy and will be the focus of future works. This 
understanding of a variety of possible inertial phenomena 
that can occur in micro�uidic systems is still the challenge 
and is a �eld for future exploration.

Acknowledgements The Project operated within the Grant No. 
2014/14/E/ST8/00578 �nanced by National Science Centre, Poland 
and within the First Team Grant (POIR.04.04.00-00-3FEF/17-00) of 

the Foundation for Polish Science co-�nanced by the EU under the 
Smart Growth Operational Programme. We thank Howard A. Stone for 
the critical reading of the manuscript and for all the helpful comments. 
We thank Filippo Pierini for the help with the choice of the optical 
indicator and the helpful comments on the use of spectrophotometry 
for concentration estimation.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Amini H, Lee W, Carlo DD (2014) Inertial micro�uidic physics. Lab 
Chip 14:2739–2761. https ://doi.org/10.1039/C4LC0 0128A 

Ault JT, Fani A, Chen KK et�al (2016) Vortex-breakdown-induced par-
ticle capture in branching junctions. Phys Rev Lett 117:084501. 
https ://doi.org/10.1103/PhysR evLet t.117.08450 1

Bassett MD, Winterbone DE, Pearson RJ (2001) Calculation of 
steady �ow pressure loss coe�cients for pipe junctions. Proc 
Inst Mech Eng C J Mech Eng Sci 215:861–881. https ://doi.
org/10.1177/09544 06201 21500 801

Bhargava KC, Thompson B, Iqbal D, Malmstadt N (2015) Predicting 
the behavior of micro�uidic circuits made from discrete elements. 
Sci Rep 5:15609. https ://doi.org/10.1038/srep1 5609

Fig. 8  Optimization of the rec-
tangle device. The plot shows 
the comparison of numerical 
(dashed lines) and experimental 
(solid lines) results for rectan-
gular device for the optimized 
geometry with � � � �� �  . The 
results for the two nearest 
angles � � � �� �  and � � � ���� �  
from Fig.�3 are presented for the 
reference



Microfluidics and Nanofluidics           (2020) 24:14  

1 3

Page 15 of 15    14 

Bithi SS, Vanapalli SA (2010) Behavior of a train of droplets in a �u-
idic network with hydrodynamic traps. Biomicro�uidics 4:44110. 
https ://doi.org/10.1063/1.35230 53

Blonski S, Korczyk P, Kowalewski T (2007) Analysis of turbulence in 
a micro-channel emulsi�er. Int J Therm Sci 46:1126–1141. https 
://doi.org/10.1016/j.ijthe rmals ci.2007.01.028

Carlo DD (2009) Inertial micro�uidics. Lab Chip 9:3038–3046. https 
://doi.org/10.1039/B9125 47G

Cooksey GA, Patrone PN, Hands JR et�al (2019) Dynamic measure-
ment of nano�ows: realization of an opto�uidic �ow meter to the 
nanoliter-per-minute scale. Anal Chem 91:10713–10722. https ://
doi.org/10.1021/acs.analc hem.9b020 56

Cybulski O, Jakiela S, Garstecki P (2015) Between giant oscillations 
and uniform distribution of droplets: the role of varying lumen of 
channels in micro�uidic networks. Phys Rev E 92:063008. https 
://doi.org/10.1103/PhysR evE.92.06300 8

Cybulski O, Garstecki P, Grzybowski BA (2019) Oscillating droplet 
trains in micro�uidic networks and their suppression in blood �ow. 
Nat Phys 15:706–713. https ://doi.org/10.1038/s4156 7-019-0486-8

Dertinger SKW, Chiu DT, Jeon NL, Whitesides GM (2001) Generation 
of gradients having complex shapes using micro�uidic networks. 
Anal Chem 73:1240–1246. https ://doi.org/10.1021/ac001 132d

Engl W, Roche M, Colin A et�al (2005) Droplet tra�c at a simple junc-
tion at low capillary numbers. Phys Rev Lett 95:208304

Fuerstman MJ, Garstecki P, Whitesides GM (2007) Coding/decoding 
and reversibility of droplet trains in micro�uidic networks. Sci-
ence 315:828–832. https ://doi.org/10.1126/scien ce.11345 14

Hager WH (1984) An approximate treatment of �ow in branches 
and bends. Proc IMechE 198:63–69. https ://doi.org/10.1243/
PIME_PROC_1984_198_088_02

Hulme SE, Shevkoplyas SS, Apfeld J et�al (2007) A microfabricated 
array of clamps for immobilizing and imaging C. elegans. Lab 
Chip 7:1515–1523. https ://doi.org/10.1039/B7078 61G

Idelchik IE (2005) Handbook of hydraulic resistance. Jaico Publishing 
House, Mumbai

Karino T, Motomiya M, Goldsmith HL (1990) Flow patterns at 
the major T-junctions of the dog descending aorta. J Biomech 
23:537–548. https ://doi.org/10.1016/0021-9290(90)90047 -7

Kim D, Chesler NC, Beebe DJ (2006) A method for dynamic sys-
tem characterization using hydraulic series resistance. Lab Chip 
6:639–644. https ://doi.org/10.1039/B5170 54K

Korczyk PM, Derzsi L, Jakie�a S, Garstecki P (2013) Micro�uidic traps 
for hard-wired operations on droplets. Lab Chip 13:4096–4102. 
https ://doi.org/10.1039/C3LC5 0347J 

Korczyk PM, van Steijn V, Blonski S et�al (2019) Accounting for cor-
ner �ow uni�es the understanding of droplet formation in micro-
�uidic channels. Nat Commun 10:2528. https ://doi.org/10.1038/
s4146 7-019-10505 -5

Lee K, Kim C, Ahn B et�al (2009) Generalized serial dilution module 
for monotonic and arbitrary micro�uidic gradient generators. Lab 
Chip 9:709–717. https ://doi.org/10.1039/B8135 82G

Lee K, Kim C, Jung G et�al (2010) Micro�uidic network-based combi-
natorial dilution device for high throughput screening and optimi-
zation. Micro�uid Nano�uid 8:677–685. https ://doi.org/10.1007/
s1040 4-009-0500-z

Matthew GD (1975) Simple approximate treatments of cer-
tain incompressible duct f low problems involving separa-
tion. J Mech Eng Sci 17:57–64. https ://doi.org/10.1243/
JMES_JOUR_1975_017_011_02

Mortensen NA, Okkels F, Bruus H (2005) Reexamination of Hagen–
Poiseuille �ow: shape dependence of the hydraulic resistance in 

microchannels. Phys Rev E 71:057301. https ://doi.org/10.1103/
PhysR evE.71.05730 1

Mynard JP, Valen-Sendstad K (2015) A uni�ed method for estimat-
ing pressure losses at vascular junctions. Int J Numer Methods 
Biomed Eng 31:e02717. https ://doi.org/10.1002/cnm.2717

Nunes JK, Wu C-Y, Amini H et�al (2014) Fabricating shaped micro�b-
ers with inertial micro�uidics. Adv Mater 26:3712–3717. https ://
doi.org/10.1002/adma.20140 0268

Oettinger D, Ault JT, Stone HA, Haller G (2018) Invisible anchors trap 
particles in branching junctions. Phys Rev Lett 121:054502. https 
://doi.org/10.1103/PhysR evLet t.121.05450 2

Oh KW, Lee K, Ahn B, Furlani EP (2012) Design of pressure-driven 
micro�uidic networks using electric circuit analogy. Lab Chip 
12:515–545. https ://doi.org/10.1039/C2LC2 0799K 

Santiago JG, Wereley ST, Meinhart CD et�al (1998) A particle image 
velocimetry system for micro�uidics. Exp Fluids 25:316–319. 
https ://doi.org/10.1007/s0034 80050 235

Stiles T, Fallon R, Vestad T et�al (2005) Hydrodynamic focusing for 
vacuum-pumped micro�uidics. Micro�uid Nano�uid 1:280–283. 
https ://doi.org/10.1007/s1040 4-005-0033-z

Suteria NS, Nekouei M, Vanapalli SA (2018) Micro�uidic bypass 
manometry: highly parallelized measurement of �ow resistance 
of complex channel geometries and trapped droplets. Lab Chip 
18:343–355. https ://doi.org/10.1039/C7LC0 0889A 

van Berkel C, Gwyer JD, Deane S et�al (2011) Integrated systems for 
rapid point of care (PoC) blood cell analysis. Lab Chip 11:1249–
1255. https ://doi.org/10.1039/C0LC0 0587H 

van Steijn V, Korczyk PM, Derzsi L et�al (2013) Block-and-break 
generation of microdroplets with �xed volume. Biomicro�uidics 
7:024108. https ://doi.org/10.1063/1.48016 37

Vigolo D, Radl S, Stone HA (2014) Unexpected trapping of particles 
at a T junction. PNAS 111:4770–4775. https ://doi.org/10.1073/
pnas.13215 85111 

Wegrzyn J, Samborski A, Reissig L et�al (2012) Micro�uidic archi-
tectures for e�cient generation of chemistry gradations in drop-
lets. Micro�uid Nano�uid 14:235. https ://doi.org/10.1007/s1040 
4-012-1042-3

Yamada M, Hirano T, Yasuda M, Seki M (2006) A micro�uidic �ow 
distributor generating stepwise concentrations for high-through-
put biochemical processing. Lab Chip 6:179–184. https ://doi.
org/10.1039/B5140 54D

Zaremba D, Blonski S, Jachimek M et�al (2018) Investigations of 
modular micro�uidic geometries for passive manipulations on 
droplets. Bull Pol Acad Sci Tech Sci 66:139–149. https ://doi.
org/10.24425 /11906 8

Zaremba D, Blonski S, Marijnissen MJ, Korczyk PM (2019) Fixing the 
direction of droplets in a bifurcating micro�uidic junction. Micro-
�uid Nano�uid 23:55. https ://doi.org/10.1007/s1040 4-019-2218-x

Zeitoun RI, Langelier SM, Gill RT (2013) Implications of variable 
�uid resistance caused by start-up �ow in micro�uidic networks. 
Micro�uid Nano�uid 16:473–482. https ://doi.org/10.1007/s1040 
4-013-1241-6

Zhang J, Yan S, Yuan D et�al (2015) Fundamentals and applications of 
inertial micro�uidics: a review. Lab Chip 16:10–34. https ://doi.
org/10.1039/C5LC0 1159K 

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional a�liations.


	Acknowledgements
	Contents
	Abstract
	Streszczenie (abstract in Polish)
	Cycle of publications
	Motivation
	Background
	Introduction to microfluidic devices
	Fundamental aspects of droplets in a microchannel
	Methods of droplet formation
	Manipulations of droplets

	Aims and Thesis
	Methodology
	Fabrication of microfluidic devices
	Experimentation and Analysis

	Overview of results
	Investigations of fundamental mechanisms
	Initial studies
	Investigations of microfluidic traps

	Development and investigations of new microfluidic geometries
	Droplet on-demand method in the metering trap
	Bifurcations with the bypass slits
	Single microfluidic geometries with features of sequential logic

	Integration of sequential logic systems in microfluidic systems
	Three-fold decimal counter
	Four-fold binary counter
	Permutations of droplet order

	Iterative droplet manipulation system – concentration-on-demand device
	The idea of conditioning droplets
	Implementation of the microfluidic device
	Modes of operation
	Periodic cross-combination


	Conclusions
	References

