
Das Erlernen räumlicher und dynamischer Bewegungsmerkmale mit  

Roboterunterstützung 

Inauguraldissertation 

zur 

Erlangung des Doktorgrades der  

Mathematisch-Naturwissenschaftlichen Fakultät 

der Heinrich-Heine-Universität Düsseldorf 

vorgelegt von 

Jenna Christine Lüttgen 

geboren in Bergisch-Gladbach 

Mai 2012



��������	
������������������
����������������������

���
��������
���
��������������������

 �����!������ �
������
������

"#����#������$#���%����
���#������
�&#!����������

���
��������
���
��������������������

�

'����
�(����)���)������*���
���

+�������
�(����)���)����,����������

�

-#��������
������
�����
�(�./).0)1.21



	
�#������3����
��� � 4�

Inhaltsverzeichnis 

	
�#������3����
���))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�4

5��#���
#���
��))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�6

�,���#���)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�7

2 ��
�����
��))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�8

2)2 -���������������
������
��))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�8

2)2)2 9���������#���������'�,������#�
�
���))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�0

2)2)1 ���,������#���������'�,������#�
�
���))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�21

2)2)4 ��
����
��&�#��(�:������*�%���
�����!�#������������
���
���
���

�#�������
�'�,������#�
�
�;�))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�24�

2)1 <,��,���!(�*����������
��������
��
�3����#�������
�'�,������#�
�
��)))))))))))�2/�

2)4 &�#��������
��
))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�11

1 =�����
�� �))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�14

1)2 =������2(�������
�������
����#�������
�'�,������#�
�
���#�����������!���
�

���������3����������"������)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�14

1)1 =������1(�������
�������
����#�������
�'�,������#�
�
���#������������
��

����
�����������
�-���
���)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�1/

1)4 =������4(��#��������'�,�����
�������3�
���������������#�������
�
���
�

��
#������
>�#,���
�������
����������
�*�%���
�����!�#��
�))))))))))))�17

4 ���!�����
��
�����,���!�))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�1?

@����#����))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�41

��
3��#�,����
�))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�4?



6� � 5��#���
#���
��

Zusammenfassung 

�#������������
���#���
�������
����
�����"��������������#���������
���%���������>�

����!�� �
�� #�,����%����
���#������
�+�
����>� �������������� &�����!����
� 3�� ��#��


����
)��#,������������ ��
�-�#�
��� ��
���=������� ��
��*�%���
��,��3�,��
��
>� �
�

���������
��������������������������)�=������
���
�A#���
���,�����*�����,�
��
>�'��

,�����3���
�%��!��
>�%��������
�=�����������
��
����������
���������-���#�����
�

�
��-�#�
����
�������3�
��
�������3�
�!B

�
)�9���������
����'�,�����%����
�,���

�����
�%��!���>����*�%���
��
������,���
������������
���%���@#�,�%���
��
�3��

�
�������3�
>� �
�� ��
�� 9���3#��� ��������
������� =�����
� %����� �����������>� ���

����
�:��!�#�!����3���
��������
)���������,
������������=�����
���
�� C�����������

#�,��#��
�(�*��������������
!�#�>��,���
��#���������'�,������#�
�
��*�%���
�����
�
�

B����
�!#

��
��%������9���������������
�,���#
����
�-�#�
�
���������
�,�����)�

���� ����,
����� ��
����� �
��������
��
� �����
� #������
��� ������ ��
%����� �#�#�>�

�#����B�������%�������
#�����������!���%���-���
������� ����%�
���!����,���
�

�������
���
���������
�-�#�
�
�����������
)�5��������������������
���,����
�%#�����

�#���>� ��
� ��
����� ��
��� '�,�����
�������3�
�� #�� �#�� �����
�
� ��
� ���������
�

�
����
#������
�����!��
�,�������������
�
�����������
����#,�
������
3�������

3���
��������
)�

5��� ��������
�����
� *�#�,����
�� ���� &�#��������
��%����
� ����� =�����
� ��������

����>�,���%�����
��������,#
��
�����������
����
�����������*�%���
��
������
�
�

������
)� ���� @�����
�� ��
� ��������
�#����,#
��
>� %������ �
� ��
��� @��
��#��� ��
�

��
���'�,������
�������3��%����
>�%�����C�%�������������@�����
����
�+�
���������

,#
��
����������
)�=������2>� �
�%��������������,#
��
����
�
�������
>���
��5�����
�

,�%���
�� ���� ��
��� �

#��������
�  ����%�
���!���������� #��3�����
>� !�

���

!��
����
�������
�����,
�����,�3�������������!������������'�,������#�
�
��������
)�

$#����,���#���
�����'�,�����
�������3�
���
����������
���������� �����
�3%#���
�

*�3��� #�� �#�� ��
#������� "��!�#��  ����%�
���!���������#���
>� ���� ����,
�����

�����
�C������
#��>��#��������#����
����
�=�!�
�����!��
�3��=�#
�����!����
�

���)� 	
� =������ 1� %����� ���� ��
����� ��
��� '�,������#�
�
��� #�� ����������
�� ����
�

����������
�-���
����
��������)����3����������>��#����#�������
�
���
����#������-��



5��#���
#���
�� � /�

��
�� ,���
����� ��
� ���� '�,�����
�������3�
�� ���������)� =������ 4� !�

��� 3����
>�

�#��� ��
�� �#�������� ����
���#���
� B��������� ��� �#�� �����
�
� ����  ����%�
����

!���������������*�%���
�����>�%�����
��������������
���#���
�,����������#��������


�
��������������
�*�%���
��#���!��������
������)�

5��#���
#���
���
�������3�
���������,
��������������=�����
��������������>��#���

��
��#���������'�,������#�
�
������#�������
�
���
#��������*�%���
��#���!������

���
������>�%�����
�����������"��!�#���%�
�������
����������������-�#�
�
��������

�����
)��



7� � �,���#���

Abstract 

�#���������#
��>�%�����������#���������
���#����#���������������
��������������
��

,������
���������,>����#������
�����
�D�������������!������#�
�
�������#�����#
��

��#����������
�)�-��������#
��
���#��
���
��������
���������
����,�����������������#��

��������#
���#
�������,���#!�
���������!������#�
�
������������
�)�9#��������,����

�#���,��
����������������������������
������������������,��#
���#��>�#
���#
��

���������#���,��
���
������������#��#����������������
���������#�
�
�)�-�����������

�� ������ �������� #��� D����� #�,������)� -��� D������
�%������� ��,����� ����#
��� �#
�

#�����#��������� ��#�
�
��#
�������������� �����������#�
�
������������ ���
���#
�%�����

���)� ��%����>� ������ ��� ��
�#����� �����
��� ��#�� ���� ��#�
�
�� �� ��
#����������
��

��#�#����������>� ����� #�� ����
�� #
����������>������������� �
��#������#�� ���� ��,�����

����#
�����#�
�
�)�-����������������������
����������%#����������������������
����

���#�������������������� ��#�
�
���
� ���� ��#�
�
������
#����#
����#��#��#������� �
�

�����
���������#�!�)��

-����� �������� �
�%����� �#������#
��� ��#�
��� ��� ������������
�������� �#�!��%����

��
������)� 	
� �#��� �#��� ����������#
��� �� #
� ��������
�#�� �����>�%���%#�� ����

�������,��#���,����
�#���#�
�
����#��>�%#������#�����������������#
�����#���
�����

������%������� ����#
��� ����
�� ��#�
�
�)� -��� �������� �� =����� 2>� �
�%����� �#������

�#
����#����� ��#�
�����#!��#�������
��%����#
��

#���#�����������������>�����
���

�����������#�������
���#�����������������������,�����#�
�
�)��������������#
����#��

,��
� �������>� ��������
�#�� �#������#
��� %���� ������ ����� #����#��� �
� ���� ��
#����

��#����� �� ���������������� #��������>� ,��� ���� �������� �������� ��#�� �����%#������ ���

����
�#����������� �����#�!)� 	
�=�����1���������������,���������#
����
������
��

!�
���������������
��%�����
������#���)�	��������,�����%
���#��������#�
�
�������#�

���������
��,�
������
��#������#������������,�����#�
�
�)�=�����4����������#���#�����

����#
������������������������#�
�
������������������������������������
�>�%����#��

����#������
���#���
����,���������������#�
�
������#��#��#������)�-#!�
���������>�����

������������������������������
���������������������#����,���������#
�����#�
�
���#
�

��������������#�
�
������
#���>�,���
�������#��#��������
����#�#����������)�



��
�����
�� � 8�

1 Einleitung 

�#�������
�
�������������&�����!����
��
������������#
��+�����
#���
����B���3��

��
� %���
������
� ���#��������
��
� ��� #����������
� @�,�
)� 9���������
���� -�#��


�
���������
�%����
��#�����
�%��!���>����*�%���
�����
�
��������#���������
�

��%��� ������>�����!���
��#�,����%����
���#������
�+�
������B�������� ��3��
���
��

��!����3������#���
)��#������������
���#���
�������
���������-�#�
�
��B�����!����
)�

�#,���,���������
�����!��������#
�������+�
�#!��3%�����
���
���-���#�����
������

-�#�
����
����
����#���
��
������=��������
���������������
������������*�%���
�>�

�
����������3����
���������������������������E��
���F�G����!#%#>�200?H)��#��������

����
���#���
�
>�����%���������
�-�

����#�
���,��������%��������
���=���������
�
�

������#�����������-���#�������
���=���#�#
#���#���
��
��#�� ����
�
#�����
���

 �#�� ,��3�,��
��
� ��������>� ��
�� %���� ���,������)� ���� �#����� �
�%��!��
�� 
�����

-���
������
�,������
�
�
����"B�����!����
�3��� ���#���
���#�������
�-�#�
�
��)�=��

�#���
� ����� ��,��������  ������ �#3�� 
��3�
>� ��� *�%���
�����
�
� 3�� ���,�����
�

E'��
!�
�������F��#���
>� 1..0H)� *��� ��
����#�������
�'�,������#�
�
�� �,��
�����

��
� '�,����� �������#,�� ���� -���#�����
� ,�3����
��%����� -�#�
���� �
�� ����
��

�����������C�%�������*�%���
�>��
���������
�=�������������
��
��������
��
�*�%��

��
����
#��!�
��
��#
����
���,��������
�-�#C�!����������)�

9���������
���� ��,��������  ������ %����
� ,������ �
�%��!���>� ��� *�%���
�����
�
�

3�� �
�������3�
� E������"#���#��I������F� '��
!�
������>� 1..0� 3��� <,�������H)� *���

������ ���� ���� ��3��
3� ������� -�#�
�
���������� C������ 
����� ��
������� ,�����)� 5����

������������
��
���,����
�%#������#���>�#
�#
��3%������
���
#������
������������

5�����
,�%���
��
�3���
��������
>��,���
��#���������'�,������#�
�
���#�������
�
�

������������
�J�������
#��������*�%���
�����!�#���B����
�!#

)��

�

1.1 Theoretischer Hintergrund 

$�,�
� ���� ��������
� ��
����!� ������� ,���� �����
�
� ������������ &�����!����
� ����

�������3�����
���
��3�
��#���'�����E ��3>� ����
>� ���#����F�I�����#!��>�200/K� ��3>�

 ����
>� ���#���>�I�����#!���F�I�����>�200.K� ����
>� ���#����F� ��3>�200/K�=#�
�



?� � ��
�����
��

,���>� ���#���>����3
���F� ��3>�200/H)��������3�����
�,�������,������:#��
����
��

���� @#��� E�������
���

H� �
�� *�%���
�� E+�
��������H� ���� ����
�
� �����#L�
� ���

'#��� E=������>� 200?H)� =��� ����� 3��#���
� ���� ���� �#!����
� :#��
����
�>� ����

-�����#���%#��
����
�� �
�� ���� $�3�3�����
� 3�� ��
��� �#�������
� =�

����
�

����!)�:������
��*�%���
�����
�������������
�������>���������������=�������	
���#�

���
�
>� %������ �
� ��
��� �����������������
� +�����
#��
������� �������
������ ��
�)�

:�

�����*�%���
��
�
�
#����#����%����
�����>������
�������	
���#���
�
�3��


�������
���
�!�
��#�������������3��������+�����
#��
��������,�����3��%����
>����

����+���������"��!��
��
������@#������� ���
!��3�����3��3����
�E���������>�������

��
>� '�������� F� ��#,�#
�>� 200?K� &����
>� +���
��� F� -�
���!>� 1..1K�  ��
��#�>� 1..?K�

+�#!#���>� ���#����F� ��3>�2000K�@���F�I���>�1.2.H)������!#

�����
����3��=��%���

���!����
� ����
)�  ���
��� ���� <,�����3�
�� 
����>� %���� ���� =������� !��
�� !����!���

�������3�������'��!�����
�����#���
>��)��)����%����
�������#���
>�%�����������������

�����*�%���
��M#
����N)�*�%���
�����
�
�!#

������������%���� ���
)���
���#����

���������
���#���
��#����
����B�����������=������>�����!����!���*�%���
��
�����


�����������%#��3�
����
>���
���
�#�����������3������3����#���
)��

-�#�����
����������������#������������
���#���
���������
�
�-���#�����
������@���

���>��
������������������
����#
���#���
��������
���+B���������������#���
��
������

=������������)�	�����
�O,C�!��-��������3�������
�
��
�*�%���
�>������,������#��� ���

������>�OP"����#�
>�-#
�>�5#���3!���
����#��E200?H����������������
��+�
�#!��#�

�#�����
>�%������������#��
��
����������
>�%�������+�
�#!��3%�����
�-�#�
��>�=����

�����
��O,C�!��#��#
���������)�*�����
����!��
��#�#����#�����������!��
�����!����+�
�

�#!��3%�����
�=��������
��@�����>� ��
���
�,����� #���
��#��O,C�!��#
�����������
�

=�����
)����� @������ ����� �#��O,C�!�� �
������ =������� ����� ���� *�%���
�� 3�� ��
���

�������
� 5�����
!�� � �������3����
)� �#� ������� C������ %����
�� ���� ����
���#���
�

��%���� ���� ��
#��!�
� ���� O,C�!���� #��� #���� ���� ���� @������� �����>� !#

� ��� ����

���%��� #���
>� ������ 3�� ���

�
� �
�� ������ 	����!#���
�
� ��� �#�� ����
��9���#���
�

#,3������
)������
�����
������
�3%�������!���+�
�#!��#�#�����
)�*������
#���
�

����!��
�+�
�#!��#�#����#� ��������� =������� ���
���#
�� #����������@������>�%���

��
����������#��O,C�!���#
��������)��#,���!#

�����=������������#
���
������@���

������
��������3������������
#��!�
�����O,C�!��������,�
)��#�����O,C�!���
#��!�
�



��
�����
�� � 0�

C�����������������#
������@����������������%����
>� ��
��������
��� ����,#�>�%�

�

��������#
������ 	����#
3� ���� O,C�!���� 
����� 3�� ����
�� ��� 9��������� 3�� ���� ����

�#
������@�������#������)�*������������
�+�
�#!��#�#����#�������L���������������

@�����������#
������=�������>�%������%���������#��O,C�!������)�=������#������=����

����3%���+�
�#!����
��������������3�����������!���
�
�����@���������%�������'�#!�

���
�
�����O,C�!���>�%�����������

��#����,������%����
�!B

�
)�

	
�C�����������������&�����!#

�����	
���#!���
�#
��#���������
�����
��������
�#����

������
�����,�������
�-�#�
���������
)��#,���!B

�
�����+�����,��������%�����#����

����!�� �,����#�� ,�����
���O,C�!�>� 3)�*)� ��
�
� =�������� ����� =���>� �,����#��
�%���

��
)����� =������� ����� �#���
�� !#

��������O,C�!�� �����
� �
�� ��
���������������

%����
)�������=�,��������
���������
�
�'�,�����,��������
����9���>�#,���#����$#���

�����>�%�������
���
�����
��
�3%����,���
����
������
�#��������
�9�����
��$#���

�����
��#���������-�#�
�
��������������
�
�#���������������!�������%����
)�

�

1.1.1 Vorteile haptischer Robotertrainings 

9���������
�� =�����
� E*�#
��
>� @�������� F� �����#�>� 2000K� @#��
#>� 1...H� !�

��
�

3����
>��#���������������@��
�
����,�������%����
�!#

>�%�

��������,#
��
�3��

���3����� 3�� ��
��� ��������
�����
���#���
� ���� *�%���
�� ���� �����
����� ���#���
>�

������ ��#!������ #��3�����
� �
�� ������ �#������� 3�� ��#���
)� *��� ����� !�������
�

*�%���
��
� !#

� ���� �����!���
� ���� !����!��
� *�%���
�� #
�
������ C������

���%������ ���
)�:��� ��
�����
��,������� ��%��
�>� ������������BL���9������� ��
����#����

����
�-�#�
�
����������#��
>��#����������=�������������#���
��
����B������>�����!���

��!��� *�%���
�� ��
� �
#
�� #
� !����!�� 3�� ����,�
>� 
#��3�����
� �
�� �#�#���

=��������3��3����
>�%�������*�%���
�������3�����%����
�!#

�E@��>�I�#����F�'��
�

!�
������>�1..7K�'��
!�
�������F��#���
>�1..0H)�5�����!#

��������#���#��������

-�#�
�
�� ���#����
��������� =�����#���
� �
�� !����!#��� ��#���3����� ��B������%����
�

EI#���>� @��,�
���>� *���#
��#�>� "#
���>� '#����>� I������ F� I�����>� 1...K� :������>�

A����
��>�&����%�>�'�C
�C��>�@��
�#���>�+��,��>�"�����>����
���F�-����#

>�2007H)�&�����

E2076H��
������������,���������
�
�������������&�����!����
��������#��
(�	
�����!���


�����
���#����
�%��!��������@��
�
���3�
��������
�9�����
�
����������#,�)������



10  Einleitung 

*�%���
��%���� ,�%����� ���,#�� �������
�����)� 	
� ���� ���!�����
� ��#��� %���� �#

�

��
��"�������#����%����>�����%��������������#,�����B���%����
�����)���
3��
��*��

%���
��!����
�
��
�%����
��
��������
��������:��!�#�!������#��������
�������

,�
�
#���������3����)�	
�����#���
���
���#���������L���������!��
��,�%������+�
��

�����>�,��������%������
�&������
�9��,#�������
��
>������
B���)���
��#���������-�#��


�
�� ����� �#������������� @��
�
� ���� #����� �

���#�,� ���� �����
� ,����
�������� �����

��#��
�B����
�!B

�
�E&����
����#�)>�1..1H)��#,�������������
����������
���#����#3��

,��>��������#,��3������
�������
��
�����,#��� 	
����!���
�
���������������
��
�

������
��
� 3�����!
���
)� 	
����� #���3�#����
���#���%����
�!�
!�����*�%���
�

��
���3����>�����%�����
��������#,�
#
������
��
����B���%����
�!B

�
)��

��
� ���L��� 9������� �#��������� -�#�
�
��� ������ �#��
>� �#��� ������ 
����� #�� ���������

:#��
����
��#
��%����
���
�)��������B
���
�����
���
����-�#�
�
���B�����!���

��
������������,���
����������������
�
>���
���
�����#����,���
������������������#��

-�#�
����
� �������� *�%���
��
>� %������ ��
� !�����
������� 5��#���
%��!�
� ����

�������
��� ���
!���������
>�%����
������*���!�#��O,C�!���#�L���#�,�����+B������

�������������>�3)�*)�,���������
�
���
�*#�������#���
�E'��
!�
�������F��#���
>�1..0H)�

��������
�!#

��#��������&����
���#3��,����#��
>������!�#�!�������������
�����

3�� �#���
� E�#������ ���#�
>� *#�#>� ����#����� ��� *������
>� ��

��
>�  ��#����� F�

 �
�#3>�1..8H>�%#��3�����
�
�,����-�#�
�
����
������
�
����������!�#�!������B�

��
��
�
��3����� ���>�#,���#����,���������
�
������!���������*�%���
��
����������

���
�!#

)�*���������*�%���
��!����
�
��
�!B

�
��������������%����
>�%���

��
���#������
���!�#����������!���
����
��#
������+����
�
��
��������%����
�

!#

�E'��
!�
�������F��#���
>�1..0H)��

�#�������� &����
�� �����
����� ���L�� *�%���
�������)� ����� �#���� �#�� -�#�
�
��

3��� ��
�
� ��������� E������� F� OQ"#����>� 1.2.K� "#���#��I������ F� '��
!�
������>�

1..?#K�=�������F�@��>�2000H>�����#�����%�

�������*�%���
�����
�
���
�3)�*)�@#��

,�%���
��
� ,��� ��#�!� ,���
����������
� �����
�
� ����>� ���%������ #
����
#���� �#��

'���!����
���=���3����)��)�,������
�%����)�5���#
����
�!B

�
��#���=#
����E1..6H�3��

���L�� &������ 3�� *���

� ���� -�#�
�
��� @��
�
� �����
���
>� ���#��� ��� ��

����� ���
�

!#

>�&�����>�3���
�����#
�
�����>�3���
���,�
��
)�



��
�����
�� � 22�

	��9���������3�����#
�
�-�#�
��
�,����
�'�,�������
�����#
3���#��#�������9������

��(���
���,���������-�#�
���!#

>��,�
���%�����
���������-�#�
����
��-���#�����
>�

����@�����
������=�����������
���������������
��
��,�%����
��
���#�#��#�,#��
��

'��!�����
�� ��,�
� �
�� ���� ������� �
���#�����
)� 	�� 9��������� 3�� ��
��������
�

-�#�
��
���
��'�,������#,���C������%���#�����
#�����
��!�
�����
���>��)��)�%����
��

��
���������*�%���
��
���
�����%����
�9#��#,��������
��������
>���
��'�,������#3��

�
� ���� @#��>� ��
�� *�%���
�� ������ �
� ��#!�� ���� �������
�:����� 3�� ����
�������
�

E=����>����33#
��F�*���#�#���>� 1..1H)��#,����
��������
� ����!��
���������
�>�����

����
���#���
� !#

� ,����,��� ��� %���������� %����
� �
�� @��
������������ !B

�
�


���������������������%����
)�'�,�������
��3�����%�
�����#�,�����
��
�����
��#��

�#
��� =����� #���� !����
��
������� #��� ���#
�� -�#�
��� E@��� ��� #�)>� 1..7K� "#���#��

I�����>�&����#���F�'��
!�
������>�1.2.H)�

�������%#�������!�
!����
�*�%���
��,#�
��
����
#��!>�%����������'�,��������

��
�������
�����>�!#

�
#�������������
�
�"������
�������
)�$�,�
�����%���!�����

���
�*�������
������*�%���
����#C�!�������
��������
#��!�
>�%����������'�,��

���� �,����,�
� %����
>� ���� ��
�� %������� "B�����!���� ���� ����
#

��� M�������#
��

��#�N�=��#������E3)�*)�G�!�!��C�>�������>�+#
#��>���
���F�G����!#%#>�2007K���
���F�

G����!#%#>�200?K�=���#������#�#����F�-��
!������>�1../H)��#,���%��������*�%���
��

��
����������
�3�
�����������������
�����,�������
� �������#���3����
����
������

���������
�=�������#,��������)�9��������������"����������>��#�������
#���������*�%��

��
�� ��
��� ��
��������
� �������
� ����
�������� %���>� @������ �
�� =������� C������

��������� ��%��� 3�������� ��
��
#
���� �
#,��
���� ��
�� E���
��F�G����!#%#>� 200?K�

=��������#�)>�1..1K�-��>�*������F�@��>�1..1H)�����*�%���
������@�������!#

�3�����

����,����
�*�3���#���#�#������%��� ����%�
���!���>�+�#���
��=!#�����
��������

3������
��������#
������
����������
��
������
��
�����=��������,�3�������+B�����

��BL�>�+�#���
��&�����!����������#
���#����%����
�E���
��F�G����!#%#>�200?K�-���

���#�)>�1..1H)���
��%�������"B�����!�����������"���������
��������%�����
�*�%���
��

,����
�I�������������������������
�@��
�
�>�#������
�*#���������#���
��
�+�����

,��������%����
�!B

�
�E'��
!�
�������F��#���
>�1..0H)��

�,������L�
������#���������������������+����
�
�����
����#�������
�'�,������#��


�
��� ��
��%����
)��#���������� ����'�,������ ���� !����!��� *�%���
���
������,#��



21� � ��
�����
��

#���������%����
�!#

>�����
��
����#����#���
��
����� ��#�!�
�*���
���������
�

��
� ������� -�#�
�
�� #��� %�
����� �
�������
�� �
�� ���������
�� #��� ���!B��������

-�#�
�
��>�,���%�����
������
�����������,������:���������
��
�#,���������%����
�

E"#���#��I������F� '��
!�
������>� 1..0K� '��
!�
������� F������#
>� 1..8K� '��
�

!�
�������F��#���
>�1..0H)�

�

1.1.2 Probleme haptischer Robotertrainings 

$�,�
���
������
�9�������
>�%��������
��#���������-�#�
�
��,�����>���,�����#������
����

5%�����#
���������#�#����#)�5%#�����B������
��#��������-�#�
�
��>�%����,�
�,��

������,�
>��#�������=�����������!����!���*�%���
������,���
���������3�������	
���

�#���
�
�������)�'��
!�
��������
���#���
�E1..0H�,����!�
�C�����>��#��������
�����

3%#
��������,�������>��#������� 	
���#���
�
�#���� �
������
��������
��
��������

����
�+���#
�����,�����3��%����
�!B

�
)�:����
�������#��������&����
������

���
����
�3����
���,������
�@�����
��%����
������-�#�
�
�������>�,���,���������
�

!�#�>��,�����@�����
��#�����#

����#���
�%����
�!#

>�%�

�����&����
��#,�����#��

����%�����
������=�����������*�%���
���B���������#������
�����)��

����9����
����
����
�&�����
�!#

�3�����
��#�����	����!#���
�
����������,��
��
)�

=��%����
�&�������
������
�"������
�#�������
��������*���#
����������������
�@��
�
��

#
������
>�#������
�*#�����#��*�%���
��3�������������#����������
�*�%���
������

������
� �
�� #
������L�
�� ��
�� *�%����
�� �
�� +����!���� ���3������ �����
����
�

%����E3)�*)�+#%#��>�&���!#%#�F�=�3�!�>�20?8K�=������>�208/H)�&�
��
�
�
�!��
��&���

������#��>�!B

�������������3��������B���%����
�E'��
!�
�������F��#���
>�1..0H)���
��

��� ������
� E3)�*)� *#������� F� =#
���
���>� 1.22K� ������� F� OQ"#����>� 1.2.K� "#���#��

I������ F� '��
!�
������>� 1..?#K� "#���#��I������ F� '��
!�
������>� 1..0K� '��
�

!�
�������F��#���
>�1..0K�:�
����
>������F�@�%��%#���>�2006H�%����
�3������#�#��

��
>� �#��� ������ ���� �#�������� &����
�� ���� ���#,�
�� �
�� *�%���
����
#��!�
�

����
�����%����
�!B

�
��
�� ������������
#��!�
�%����
������-�#�
�
��� 
�����

���
������ ���� ��
�
� ���� ��#��
� ���#,�� ��
�>� %#�� *�%���
�����
�
� �����%���
�

!#

)�



��
�����
�� � 24�

��
�%�����������L������,����,����#�������
�-�#�
�
���%������������������*�����

M=�#�!�
�N�,�������,�
� E"#���#��I������F�'��
!�
������>� 1..0H)�����������
������

-�
��
3�����=������>�
#���������3��%����
>���,#����������!�
>��#��������*�%���
�>�

�
#,��
��������������
�
�@�����
�>�����'�,������
�������3��%���)���
���,
#�����
�

�����
����
��
�>������!�#�!�����
��"����#���
�!#

�����&��������
)�=������
��

%��!�����������
�������,��
���!����E��
�����%���3���������
�,�������������
�
�����
�

��
�'��!�����
����3����>�3)�*)����F�=��#>�208?K�:�
����
>�����>�I#���
#��>� ���
>�

=�����3�F�:#�����>� 2007H���
������#�������
�&����
�>�%�������#3�� ����>��#�������

@�����
������=��������������������������>���,#�����������*�%���
������#������
�����

��
� E@���F�I���>� 1.2.K�"#���#��I������F�'��
!�
������>� 1..?#K� =�������F�*C��!>�

2001H)�

$�,�
� ��
� ��
������
�$#�������
� �#��������� -�#�
�
��� !#

� #���� ���� =�,��������
�

��
����������-�#�
��������-���#�����
���������,�������� ���������,���#���������
)�

@#��� =�������� =����#�-���������������������
�@��
�
�� �
�%��!��
�"�
����
� #��

*#���� ������ ,��������
� ��#���
��
� '����
� �,��� ���� ������������ 9���#���
� E�����


#

���=����#�#H��
�&������
��#�#������:��!�
��,�3����
��
�E=������>�208/H)�A��

�������#���
��
���
�������
��#���>���������
#����!#

����
#�������'����������
�

3�!�
������9���#���
�,��������%����
)�9���������
��=�����
�!�

��
�����#�������

���� -������� #,���������� 9������#��>� �#��� �#��#,��� -�#�
�
��,���
��
��
� ��!������

����#�������
�
� ��
���'����� ��
�� #��� !�
��#
���*���
��
��
>� ,��������
� E3)�*)� @��>�

"#�����F�:��!�>�20?/K�=�#�����F�=������>�20?1K�=��#�F�+���>�2002H)�9������������
�

������
��!B

������� �
��,���
����2)2)2�#���9�������#
��������+�
�����
3�����*�%��

��
������'�,������#����
#�������������#��*�%���
�����
�
����
)�

�

1.1.3 Eine offene Frage: Welche Bewegungsmerkmale profitieren von einem hapti-

schen Robotertraining? 
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1.2 Überblick: Bisherige Untersuchungen zum haptischen Robotertrai-

ning 
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2.1 Studie 1: Der Einfluss eines haptischen Robotertrainings auf die 

Produktion räumlich-zeitlicher Muster 
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2.2 Studie 2: Der Einfluss eines haptischen Robotertrainings auf ver-

schiedene Arten motorischen Timings 
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2.3 Studie 3: Haptische Roboterunterstützung erleichtert das Erlernen 

von dynamischen, aber nicht von räumlichen Bewegungsmerkma-

len 
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3 Diskussion und Ausblick 
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a b s t r a c t

Haptic guidance by a robot is a recent technology to support motor

learning. Its mechanisms and effects are not yet well understood.

One of the hypotheses is that learning of temporal characteristics

is particularly susceptible to the beneficial effects of robotic guid-

ance. In this study we investigate the influence of robotic guidance

on the production of spatio-temporal patterns. Participants prac-

ticed todrawcircleswith thevelocity profileof ellipses. Performance

during the practice phase, when participants were assisted by a

robotic device, as well as during the test phase, when assistance

was switched off, was compared to a control group. During practice

participants with robotic assistance performed better on all three

dependent measures, shape, timing of the velocity modulation,

and modulation amplitude. However, these differences between

groups largely disappeared in the test phase. Only the difference in

the amplitudeof the velocitymodulation remained,whichwasmore

accurate in the robot-guidance group than in the control group. This

remaining difference likely results froma secondary effect of robotic

guidance, namely the experience of smaller visual errors andweaker

velocity modulations during practice.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade there is an increasing interest in the benefits and pitfalls of robot-assisted

motor learning (for a review see Marchal-Crespo & Reinkensmeyer, 2009). Investigators from various

fields study how the nervous system learns to control different types of movement and how robotic
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devices can support this learning. Most research focuses on robot-assisted motor learning of neurolog-

ical patients (e.g., Kahn, Zygman, Rymer, & Reinkensmeyer, 2006; Marchal-Crespo & Reinkensmeyer,

2009; Prange, Jannink, Groothuis-Oudshoorn, Hermens, & Ijzerman, 2006; Reinkensmeyer, Emken, &

Cramer, 2004; Takahashi, Der-Yeghiaian, Le, Motiwala, & Cramer, 2007), but some attention has also

been given to the support of motor learning in healthy people (e.g., Emken & Reinkensmeyer, 2005;

Liu, Cramer, & Reinkensmeyer, 2006; Reinkensmeyer & Patton, 2009). Here we inquire into the bene-

fits of robot assistance for the learning of an uncommon timing of drawing movements.

Two distinct effects of robot assistance have to be distinguished in principle. The first one is its im-

pact on performance during practice. It is rather unsurprising that robotic support during practice re-

duces errors (Marchal-Crespo & Reinkensmeyer, 2008; Reinkensmeyer & Patton, 2009), provides

somatosensory stimulation (Marchal-Crespo & Reinkensmeyer, 2009), and leads to improved perfor-

mance. These effects are beneficial in rehabilitation and in dangerous environments, where large er-

rors are undesirable or associated with risks of accidents. In addition they can support the motivation

to perform the task practiced.

The second effect of robot assistance is on learning, that is, on performance after practice when the

assistance has been removed. According to Reinkensmeyer and Patton (2009), the enhanced perfor-

mance during practice can be encouraging. In addition there may be non-motivational effects on

motor learning. On the other hand, robotic guidance could impede learning, consistent with the

majority of findings on the effects of other variants of physical guidance (Schmidt & Lee, 1999). Over-

all, it is still uncertain whether robot assistance provides any advantage over other training regimes at

all and, if it does, which motor-skill characteristics benefit from such assistance.

The motor skills studied are mostly rather gross movement patterns which involve the arm or the

leg such as walking (e.g., Emken & Reinkensmeyer, 2005) or reaching (e.g., Kahn et al., 2006; Prange

et al., 2006). Fine motor skills, such as those in writing or minimally-invasive surgery, have been con-

sidered less frequently. Some studies examined the robotic support of writing or tracking movements

of letters (Ben-Pazi, Ishihara, Kukke, & Ranger, 2009; Bluteau, Coquillart, Payan, & Gentaz, 2008;

Henmi & Yoshikawa, 1998; Palluel-Germain et al., 2006, 2007; Solis, Avizzano, & Bergamasco, 2002;

Teo, Burdet, & Lim, 2002).

Teo et al. (2002) as well as Henmi and Yoshikawa (1998) and Solis et al. (2002) developed a virtual

teaching system and performed experiments to investigate its efficiency. They could show that the

participants learned to write Chinese characters or calligraphy with the robotic systems. However,

none of these research groups compared robot-assisted practice with other teaching methods such

as traditional visual demonstrations without haptic guidance. Palluel-Germain et al. (2006,2007)

made such a comparison. They developed a visuo-haptic device, Telemaque, which supported hand-

writing in a training program, and they compared performance before and after the training with that

of a control group who practiced in a conventional way. Both in first-grade children (Palluel-Germain

et al., 2006) and kindergarten children (Palluel-Germain et al., 2007) fluency in handwriting increased

more after training with Telemaque than after control training.

Fluent handwriting is a skill that requires both spatial and temporal precision. There is some

evidence that learning of temporal characteristics is particularly susceptible to beneficial effects of

robotic guidance (Feygin, Keehner, & Tendick, 2002; Marchal-Crespo & Reinkensmeyer, 2008; Milot,

Marchal-Crespo, Green, Cramer, & Reinkensmeyer, 2010), whereas acquisition of spatial characteris-

tics may profit more from visual training (Feygin et al., 2002). However, temporal characteristics

can be of different types, and not all of them may benefit from robot assistance. The present experi-

ment was designed to determine the benefits of robot support for the learning of an unusual timing of

a simple drawing movement. This is a specific temporal characteristic which is distinct, e.g., from total

duration of a movement or its temporal placement relative to an environmental event. More specifi-

cally, participants had to draw a circle with the velocity profile typical for drawing an ellipse.

The difficulty of this task is due to the relation between form and velocity in drawing that is known

for a long time (e.g., Derwort, 1938). According to Viviani and Terzuolo (1982), a strict relation exists

in that curvature and velocity are inversely related so that with increasing curvature velocity de-

creases and vice versa. The equation which describes this relation is called the 2/3 power law (Viviani

& Terzuolo, 1982). According to this law, and according to experimental observations, a circle is drawn

with a constant velocity because its curvature is constant, whereas an ellipse is drawn with a
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modulated velocity because curvature varies along its circumference. According to several studies it is

very difficult or even impossible to produce movements that violate the 2/3 power law (e.g., Viviani,

Campadelli, & Mounoud, 1987; Viviani & Mounoud, 1990), but Beets, Rösler, and Fiehler (2009) re-

cently showed that, in principle, one can learn circular arm movements with an elliptic velocity

profile.

Beets, Rösler, and Fiehler (2009) supported their participants by means of a motor-driven crank

which enforced a circular path with velocity modulations appropriate for an elliptic path. As noted

above, showing that a certain motor skill can be learned with robot support during practice does

not imply that robot support has any advantages above other procedures. Therefore we compared

the effects of robot-assisted practice with the effects of a non-assisted, but otherwise identical practice

regime. The participants practiced to draw circles with the velocity profile of a horizontal ellipse, that

is, the resultant velocity was higher at the top and bottom of the circle than at both sides. Since the

timing and shape of drawing movements are tightly interrelated, we also assessed the spatial charac-

teristics. During practice participants tracked a moving target either without or with the support of a

robot. The moving target provided sort of visual guidance, the robot additional haptic guidance. Dur-

ing tests the velocity-modulated circles had to be drawn without the visible target and without robot

assistance.

2. Methods

2.1. Participants

A total of 26 females and 12 males participated in the study. Their age ranged from 18 to 31 years

(M = 24.2 years, SD = 3.10 years). 19 of them practiced with robot support in the experimental group

(16 female, 3 male; mean age: 23.5 years), 19 without robot support in the control group (10 female, 9

male; mean age: 24.9 years). All participants were right-handed, had normal or corrected to normal

vision and no significant language, motor or neurological dysfunction according to their own declara-

tion. Each participant signed written informed consent and was paid 15 Euro for participation.

2.2. Apparatus

Participants drew with a pen on a digitizer (Wacom Intuos4) which sampled data at 60 Hz. The tip

of the pen was attached to the end of a robot arm (Phantom Premium 1.5, SensAble Technologies), as

shown in Fig. 1a. The connecting link at the end of the robot arm carried a hole into which the tip of

the pen was inserted. The pen was held there by a minute rubber ring inside the walls of the hole, so

that it could be tilted freely in all directions on the tablet. Only with respect to horizontal movements

the link between robot arm and tip of the pen was rigid. To avoid injuries in case the Phantom got out

of control, a safety barrier was placed between Phantom and participant. Fig. 1b shows the whole

experimental setup with Phantom, the digitizer and the monitor (liyama S902JT VisionMaster Pro

451) which was placed at about 90 cm distance from the participant’s eyes.

2.3. Design and procedure

Participants were seated in front of the digitizer in a quiet room, with walls covered by black cur-

tains. They were instructed to watch the screen of the monitor. The room light was switched off during

the experiment to prevent participants from watching their hand and the pen. The whole experiment

took about one and a half hour. First the instructions were read and two practice trials were performed

to allow the participants to familiarize themselves with the apparatus and the task.

Familiarization was followed by five blocks of trials. Each block consisted of a practice phase of 25

trials followed by a test phase of 15 trials. In each trial five circles had to be drawn. In the practice

phase participants performed a tracking task. The position of the tip of the pen was mapped on the

position of a cursor, a red filled circle of 5 mm diameter. With this cursor participants had to follow

the target, a blue filled circle of 5 mm diameter. The target moved on a circular path of 10 cm
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diameter. Its total movement time for this circle was 3.3 s. The resultant velocity of the target was that

appropriate for a horizontal ellipse with a proportion of its vertical to its horizontal axis of 0.5. Thus,

velocity was higher at the top and bottom of the circular path (maximum velocity: 122 mm/s) and

lower at its left and right side (minimum velocity: 61 mm/s). Neither the target nor the cursor left

a visible trace on the screen. The motion of the target was sufficiently slow not to give rise to the per-

ception of an elliptical path, as reported, e.g., by Viviani and Stucchi (1989) who used a movement

time of 0.6 rather than 3.3 s.

Participants began each trial at a start position at the extreme right side of the circular path. After

the cursor had been aligned with the target for two seconds, the target started to move, and the par-

ticipants tracked it with the cursor for a total of five circles. During the practice trials the experimental

group was assisted by the Phantom. More specifically, at each point in time there was a force field

which drove the tip of the pen to its target position at which the cursor was aligned with the target

on the monitor. The force was 0.3d N, with d as the distance of the current position of the tip of the

pen from its target position (upper limit: 10 Newton). Pilot studies had revealed that this force was

appropriate to minimize the tracking error in the experimental group. The participants of the control

condition also drew with the pen attached to the Phantom device, but there was no haptic guidance as

in the experimental group.

In the trials of each test phase participants were required to reproduce the circular trajectory with

the elliptic velocity profile. At the beginning of each test trial the target was presented at the rightmost

position of the circular path. After participants had aligned the cursor with the target for two seconds,

the target disappeared and participants could start their movements. The cursor remained visible but

left no trace on the screen. Participants were told to draw five circles and to reproduce the shape and

the velocity profile as accurately as possible. After five circles had been drawn, a beep occurred, the

target appeared again, and the next trial began.

2.4. Data analysis

The position-time curves of the tip of the pen were low-pass filtered (fourth-order Butterworth,

5 Hz, dual-pass). From the velocities along both dimensions of the plane, which were calculated by

a central-difference algorithm, the resultant velocity was computed.

Fig. 1. Apparatus: (a) The tip of the pen was attached to the lower end of the stylus of a Phantom Premium 1.5. (b) Participants

were seated in front of a digitizer tablet and faced a monitor.
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The trajectory of each trial was segmented into individual cycles by a spatial criterion. A new cycle

began whenever the horizontal axis through the start position was passed. For each of the three cen-

tral cycles of each trial the circularity of the trajectories and the modulation of the resultant velocity

were evaluated by means of three dependent variables, a circularity index, a measure of modulation

timing of velocity and a measure of modulation amplitude.

The circularity index served to assess deviations from a circular path toward an ellipse. It was

determined in the following way. First, a surrounding square was fitted to the recorded path of each

cycle. The center of the square served as the midpoint of the roughly circular trajectory. Second, a

coordinate system was positioned in this configuration such that its origin was in the midpoint,

and its abscissa was aligned with the longest diameter of the trajectory. Third, the radius was deter-

mined for each sample point, that is, its distance from the origin of the coordinate system. Fourth, the

approximate circle circumscribed by the trajectory was split into four sectors with the diagonals as

boundaries. The radii were averaged across the data points of each sector. For a circular path these four

means are identical, but for an ellipse the means of the horizontal sectors are larger than the means of

the vertical sectors. Fifth, the circularity index was defined as the ratio of the means of the horizontal

sectors and the vertical sectors. It is 1 for perfect circularity, and larger values indicate elliptical devi-

ations from circularity (Fig. 2).

The measure of modulation timing of velocity was a cross-correlation. The resultant velocity for

each cycle was normalized to a length of 128 data points (with linear interpolation). In addition it

was shifted such that mean velocity corresponded to zero. This normalization does not affect the

dependent measures, but makes visual inspection and comparison of plotted velocity profiles easier.

The target velocity was treated in the same way. Modulation timing was defined as the maximum of

the cross-correlation function (Fig. 3). This measure is 1 for perfect temporal regularity of velocity

modulation, and smaller than 1 otherwise, that is, when the relative temporal positions of the minima

and maxima are not as required. Note that the measure is insensitive to temporal shifts of the whole

profile within each cycle, so that maximal resultant velocities that are not exactly at the top and

bottom of the circle. In addition the measure is insensitive to variations of scale factors. Therefore it

was complemented by the measure of modulation amplitude.

The measure of modulation amplitude of velocity was derived from the peak-to-peak amplitude of

the resultant velocity of each cycle, more precisely, from the difference between the means of the two

peaks and the two troughs of the profile (Fig. 3). The ideal peak-to-peak amplitude, which was 61 mm/

s, was subtracted from the observed one. Thus the measure of modulation amplitude is an error mea-

sure which is zero when the amplitude is exactly as required. It is positive for a too strong modulation

and negative for a too weak one.

The circularity index and the measures of modulation timing and amplitude were averaged across

the middle three cycles of each trial, and these means were averaged across the trials of each block.

These individual means were entered in the statistical analyses. Separately for the practice phases

Fig. 2. Shape sample. The average radius of the horizontal segments (light gray) was divided by the average radius of the

vertical segments (black), so that 1 represents perfect circularity. The circularity C = 1.07 in this example characterizes a rather

elliptic form.
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and test phases of the five blocks of trials and the three dependent variables two-way ANOVAs were

run with the between-participant factor practice group and the within-participant factor block. Green-

house-Geisser corrections were applied when appropriate, but the uncorrected degrees of freedom are

reported together with the Greenhouse-Geisser epsilon. Effect sizes are given as partial eta-squared.

3. Results

The results of the experiment will be reported first for the practice trials and thereafter for the test

trials. Whereas the practice trials reflect the immediate performance effects of the robot assistance,

the test trials reflect the effects on learning.

3.1. Practice phase

As expected, the experimental group with robot assistance performed better with respect to both

the circularity of the trajectory and the modulation timing and amplitude of resultant velocity (Fig. 4).

In the experimental group the mean circularity index wasM = 1.017 (SE = .002), whereas in the control

group it was M = 1.042 (SE = .002), indicating a somewhat elliptical path. The ANOVA revealed the dif-

ference between groups to be highly significant, F(2, 74) = 57.80, p < .01, g2
p = .62. The variation across

Fig. 3. Two samples of velocity curves. The curves marked by the four squares at the peaks and troughs are the observed

velocity profiles, the other curves are the ideal velocity profiles. The precision of modulation timing of resultant velocity is

measured by the maximum value of the cross-correlation function. The precision of modulation was measured by the deviation

of the peak-to-peak amplitude from the correct amplitude; this error measure is called modulation amplitude for short. The

participant of the upper graph succeeded in producing the desired velocity profile and reached a very high cross-correlation

value. The modulation amplitude only deviated marginally from the desired amplitude. In contrast, the participant of the lower

figure only reached a moderate cross-correlation value and exaggerated the modulation amplitude.
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blocks, F(4, 74) = 0.65, p = .56, e = .64, g2
p = .02, as well as the interaction, F(2, 74) = 0.09, p = .95, e = .64,

g2
p = .00, were not significant.

In the experimental group the timing of the modulation of resultant velocity was highly regular.

The mean modulation timing as measured by the cross-correlation was M = .93 (SE = .02) and did

not vary across blocks. In the control group the mean modulation timing was only M = .56 (SE = .02)

in the first block of trials and reached M = .62 (SE = .02) in the fourth block (in the fifth block it was

M = .61, SE = .02). The difference between groups was significant, F(2, 74) = 151.19, p < .01, g2
p = .81.

The main effect of block, F(2, 74) = 5.56, p < .01, e = .66, g2
p = .13, and the interaction, F(2, 74) = 3.14,

p = .03, e = .66, g2
p = .08, also reached statistical significance.

In the experimental group the meanmodulation amplitude of resultant velocity wasM = 3.16 mm/s

(SE = 2.53 mm/s), that is, the amplitude of the modulation was only marginally stronger than required.

The exaggeration of the modulation was more pronounced in the control group, for which the mean

modulation amplitude was M = 17.36 mm/s (SE = 2.53 mm/s). The difference between groups was sig-

nificant, F(2, 74) = 15.74, p < .01, g2
p = .30, and also the main effect of block reached statistical signifi-

cance, F(2, 74) = 3.35, p = .05, e = .41, g2
p = .08, whereas there was no significant interaction, F(2,

74) = 0.36, p = .65, e = .41, g2
p = .01.

3.2. Test phase

The means of the three dependent variables in the test phase are shown in Fig. 5. Both groups pro-

duced somewhat elliptic trajectories. The mean circularity indices were M = 1.065 (SE = .004) for the

experimental group and M = 1.072 (SE = .004) for the control group. The main effect of group was

Fig. 4. Shape index (a), modulation timing (b) and modulation amplitude (c) for the experimental (continuous line) and the

control group (dotted line) across the 5 blocks during the practice phase. Vertical bars represent standard errors.

Fig. 5. Shape index (a), modulation timing (b) and modulation amplitude (c) for the experimental (continuous line) and the

control group (dotted line) across the 5 blocks during the test phase. Vertical bars represent standard errors.
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not significant, F(2, 74) = 1.38, p = .25, g2
p = .04. Also the main effect of block, F(2, 74) = 0.61; p = .59,

e = .68, g2
p = .02, and the interaction, F(2, 74) = 1.48, p = .23, e = .68, g2

p = .04, failed to reach statistical

significance.

The modulation timing of the resultant velocity was similar in both groups, but somewhat higher in

the control group. In the experimental group the mean modulation timing was M = .50 (SE = .04) and

in the control group it was M = .58 (SE = .03). According to the ANOVA the main effect of group fell

short of statistical significance, F(2, 74) = 2.37, p = .13, g2
p = .06, and so did the main effect of block,

F(2, 74) = 2.97, p = .06, e = .52, g2
p = .08, and the interaction, F(2, 74) = 1.34, p = .27, e = .52, g2

p = .04.

Both groups exaggerated the amplitude of the modulation of the resultant velocity, that is, their

modulation amplitude was higher than required. As during practice, this exaggeration was more pro-

nounced in the control group (M = 43.85 mm/s, SE = 5.22 mm/s) than in the experimental group

(M = 27.51 mm/s, SE = 5.22 mm/s). This difference was significant, F(2, 74) = 4.89, p = .03, g2
p = .12.

Whereas the modulation amplitude was consistently high across blocks of test trials in the control

group, it declined slightly in the experimental group from a mean of M = 33.56 mm/s

(SE = 7.24 mm/s) in the first block to a mean of M = 23.76 mm/s (SE = 6.03 mm/s) in the last block.

However, neither the main effect of block, F(2, 74) = 0.45, p = .70, e = .69, g2
p = .01, nor the interaction,

F(2, 74) = 1.40, p = .25, e = .70, g2
p = .04, reached statistical significance.

4. Discussion

The present study had been designed to examine the effects of robot assistance on performance

and learning of an untypical velocity profile in drawing circles. With respect to the immediate perfor-

mance effects, our findings are consistent with previous observations that robotic guidance serves to

enhance performance and to reduce errors (Marchal-Crespo & Reinkensmeyer, 2008; Reinkensmeyer

& Patton, 2009). In the experimental group, who practiced with robot guidance, the trajectories were

almost perfectly circular and the velocity profile matched the desired profile quite well with respect to

its timing and its modulation amplitude. In contrast, in the control group, who practiced without robot

guidance, the trajectories were more elliptic and the modulation timing was less regular. Though there

was an improvement across blocks regarding the modulation timing, this group performed the track-

ing task rather poorly and had difficulties in following the target, perhaps because of its modulated

velocity. In addition the modulation amplitude, more precisely, the excess over the correct modulation

amplitude, was much stronger than in the experimental group. Both groups showed an improvement

in the modulation amplitude across blocks. Thus, all in all the movements experienced by the

experimental group during practice were much more accurate than the movements experienced by

the control group, but the accurate movements resulted primarily from external forces, generated

by the robot, whereas the less accurate movements resulted from self-generated forces.

In the test trials, when robot guidance was switched off in the experimental group, the perfor-

mance differences between groups largely disappeared. The accurate performance experienced with

robot assistance could not be maintained in general. Only one of the differences present during prac-

tice was still present in test trials, though it was reduced. This was the difference in the amplitude of

the velocity modulation which remained more accurate in the experimental group than in the control

group. This difference between groups was not associated with a corresponding difference in the cir-

cularity index. Thus it reflects a certain degree of dissociation of curvature and velocity. Because there

were no significant differences in modulation timing between groups, our results do not fully support

the claim that learning of temporal aspects is qualified to be supported by robotic guidance (Feygin

et al., 2002; Marchal-Crespo & Reinkensmeyer, 2008; Milot et al., 2010). Instead the benefits are likely

to be limited to certain temporal characteristics.

The finding that robot assistance did not enhance learning of the timing of the velocity modulation,

but only of its amplitude, can be taken to suggest that it was caused by a secondary effect of robot

guidance. In the experimental group with robot guidance the cursor and the target were almost per-

fectly aligned throughout the whole practice phase. Therefore velocity modulations were not as obvi-

ous in the visual display as in the control group, where the target and the cursor drifted apart when

the target was accelerated. Whereas participants in the experimental group modulated the velocity

8 J. Lüttgen, H. Heuer /Human Movement Science xxx (2011) xxx–xxx

Please cite this article in press as: Lüttgen, J., & Heuer, H. The influence of haptic guidance on the production of

spatio-temporal patterns. Human Movement Science (2011), doi:10.1016/j.humov.2011.07.002

(1, 36) (4, 144)

(4, 144)

(1, 36)

(4, 144) (4, 144)

(1, 36)

(4, 144)

(4, 144)

(1, 36) (4, 144)

(4, 144)

(1, 36)

(4, 144) (4, 144)

(1, 36)

(4, 144)

(4, 144)



fairly accurately in amplitude, participants in the experimental group learned to rush at points of high

velocity and transferred this exaggeration into the test phase. The exaggeration of the velocity mod-

ulation in addition could have enhanced the modulation timing in the control group. Participants in

the control group could have paid more attention to the more conspicuous velocity changes, resulting

in better learning. Several authors (e.g., Connolly & Jones, 1970; Rock & Victor, 1964) have argued that

individuals rely more on visual than on kinesthetic feedback. Thus, in the present study the visual

indications of the velocity modulation might have been more important for learning than the kines-

thetic information, and the visual information was less pronounced in the experimental group than

in the control group. Thus the effects of robot guidance per se may have been superposed by the ef-

fects of robot guidance on the visual information during practice.

Furthermore, theguidance in the experimental groupmighthaveevokedapassiveattitude in that the

participants did not actively try to track the target. Some authors argued that continuous robotic assis-

tance might lead to decreasing effort, attention, and motivation (Marchal-Crespo & Reinkensmeyer,

2009). As also stated by Schmidt and Lee (1999), guidance prevents the participants from experiencing

and correcting errors and could thus be obstructive for the learning ofmovements. Therefore assistance

that is adapted to the skill level of the participant or an assistance strategy that occasionally allows the

participant to experience errors might be more beneficial.

In general performance was not very good in both groups. It is feasible that this is a result of the

short duration of practice. The movement that was to be learned was a non-biological one, and par-

ticipants might need several training sessions distributed over more than one day to learn it. The

slightly diverging practice curves for the modulation timing and the modulation amplitude indicate

that the asymptote had not yet been reached. On the other hand, the observation of practice effects

after a single session is consistent with the findings of Beets et al. (2009). From the slight divergence

of the practice curves one could expect that the difference between the two practice groups with re-

spect to modulation amplitude could become more pronounced in the long run. In addition a superi-

ority of the control group with respect to modulation timing could develop, but the present data do

not allow a sufficiently firm conclusion in this respect.

As mentioned earlier by Reinkensmeyer, Galvez, Marchal-Crespo, Wolbrecht, and Bobrow (2007),

the mechanisms of motor learning and the possible benefits by a robotic training are still not well

understood. Additional investigations with other motor timing tasks as well as other assistance con-

trol strategies and a longer training period over several days shall further clarify the question if and

under which conditions learning of temporal characteristics can be enhanced by robot assistance.
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Abstract 

Robotic guidance as a means to facilitate motor learning and rehabilitation has re-

ceived considerable attention during the last few years. However, mixed outcomes 

suggest that the benefits might be restricted to certain movement characteristics. 

Here we investigate the effects of robotic guidance on different kinds of motor timing. 

In particular these were event-based versus emergent timing and absolute versus 

relative timing. Two groups of participants performed two variants of a circle-drawing 

task in a synchronization-continuation paradigm. The one variant was continuous 

circle drawing (emergent timing), the other variant was intermittent circle drawing 

(event-based timing). Both the total duration of movement cycles (absolute timing) 

and the relative duration of sub-movements (relative timing) were measured. Half of 

the participants in each group were guided by a robot device during synchronization 

(experimental participants), the other half of the participants received no guidance 

(control participants). Whereas guided participants in both timing-task groups had 

superior performance during the synchronization phase, during continuation there 

were no group differences in the continuous timing task anymore. In contrast, with 

the intermittent timing task experimental participants were more accurate in their rela-

tive timing than control participants. These results suggest that relative timing, but not 

absolute timing, benefits from robotic-guidance training. Possibly those movement 

characteristics, which are hard to demonstrate visually or verbally, and relative timing 

in particular, profit from robotic guidance during practice. 
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Introduction

Physical guidance serves to assist a person who performs a motor task in order 

to help him or her to learn it (Schmidt & Lee, 1999), for example in sports, rehabilita-

tion or musical training. A typical form of physical guidance is hand-over-hand assis-

tance that the teacher provides to the student to demonstrate how the movement 

should be performed. Another, and more recent, possibility is the use of robotic de-

vices to guide movements. In this study we inquire into the effects of a robotic-

guidance training (or haptic-guidance training) on different kinds of motor timing. 

For a long time the prevalent view has been that physical guidance techniques 

support the learning of motor skills by way of demonstrating the task and providing a 

feeling of the correct movement (e.g., Holding, 1970; Holding & Macrae, 1964). Fur-

thermore the techniques reduce errors and hence enable the student to learn a 

movement in a safe manner, for example by preventing him or her from falling. How-

ever, there are also less favourable aspects of physical-guidance techniques, as has 

been summarized by Schmidt and Lee (1999). They point out that most previous 

studies of physical guidance investigated the immediate effects on performance, but 

not on learning, i.e. when the guidance has been removed. They argue that benefi-

cial effects are only temporary and refer to an early study by Armstrong (1970), which 

showed that guidance leads to almost perfect performance during training, but is not 

superior to other techniques after it has been removed.  

Despite the doubts regarding the effectiveness of physical guidance for learning, 

during the last few years major efforts have been made to design robotic devices that 

support human movements and to investigate their effects on performance and 

learning of both, physically disabled (e.g., Reinkensmeyer, Emken, & Cramer, 2004; 

Kahn, Zygman, Rymer, & Reinkensmeyer, 2006; Prange, Jannink, Groothuis- Oud-

shoorn, Hermens, & Ijzerman, 2006; Takahashi, Yeghiaian, Le, Motiwala, & Cramer, 
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2007; Marchal-Crespo & Reinkensmeyer, 2009) and healthy persons (e.g., Emken & 

Reinkensmeyer, 2005; Liu, Cramer, & Reinkensmeyer, 2006; Reinkensmeyer & Pat-

ton, 2009). Physical guidance by a robotic device rather than by a human therapist or 

trainer can make the training more precise and consistent and might be more eco-

nomical. Nevertheless, whereas some studies showed benefits of robotic guidance, 

other studies showed that robotic guidance does not improve motor learning (cf. Re-

inkensmeyer & Patton, 2009, for review).

In view of the inconsistent findings, the obvious question is which tasks or task 

characteristics benefit from robot-supported training and which do not. Most likely 

tasks differ in their susceptibility to the effects of robotic guidance (Reinkensmeyer, 

Galvez, Marchal-Crespo, Wolbrecht, & Bobrow, 2007). A first step toward answering 

the question is based on a distinction between temporal and spatial movement char-

acteristics. 

There is some evidence according to which learning of temporal characteristics is 

particularly susceptible to beneficial effects of haptic guidance (Feygin, Keehner, & 

Tendick, 2002; Marchal-Crespo & Reinkensmeyer, 2008a; Milot, Marchal-Crespo, 

Green, Cramer, & Reinkensmeyer, 2010). Acquisition of spatial characteristics, in 

contrast, may profit more from visual-guidance training (Feygin et al., 2002; Liu et al., 

2006).  

For example, Marchal-Crespo and Reinkensmeyer (2008a) showed that a haptic-

guidance training helped healthy adults to learn how to steer through a virtual envi-

ronment on a screen. At first glance this seems to require the learning of spatial 

characteristics. However, when a vehicle, which moves at a certain speed, has to 

follow a certain path, the proper timing of the movements of the steering wheel 

represents a major problem. In two experimental groups force was applied to the par-

ticipant’s hand by a force-feedback steering wheel. Guidance was designed to antici-
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pate turns, i.e., it helped participants to change direction at the right time. The au-

thors compared the performance of the guidance groups with the performance of a 

control group and could show that experimental participants performed better than 

controls during both, training and retention. These findings were expanded by Mar-

chal-Crespo, Furumasu, and Reinkensmeyer (2010) who showed that haptic-

guidance training improved the steering abilities of healthy children as well as of a 

disabled child with a severe motor impairment in a real wheelchair. 

Other studies that showed positive effects of a robotic-guidance training on learn-

ing involved tasks like playing drums (Grindlay, 2008) or a pinball-like game (Milot et 

al., 2010). These are tasks which critically depend on timing accuracy. For example 

in the study by Grindlay (2008) different rhythms were presented to the participants, 

either auditory or haptically, and should be reproduced afterwards with drumsticks. 

Feygin (2002) compared the performance of a haptic-guidance group with the per-

formance of a visual group and a combined group, which received both, haptic and 

visual information. Participants learned a complex three-dimensional movement and 

reproduced it in a test phase. The authors analyzed the movements with measures 

of spatial and temporal characteristics and showed that haptic guidance alone was 

better for the learning of the timing, whereas visual training was more beneficial for 

the learning of spatial characteristics.  

Although several studies show positive effects of robotic-guidance training on the 

learning of temporal aspects of a movement, not all do so. For example, Marchal-

Crespo and Reinkensmeyer (2008b) showed that guidance training did not enhance 

the learning of a pinball-like hitting task compared to unguided training, but was per-

turbing instead. Participants in this study were not informed as to which trials were 

guided and which were not, and the authors argue that participants therefore might 

have relied too much on the guidance, what prevented them from learning. Alterna-
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tively, haptic guidance might be beneficial for the learning of certain types of motor 

timing, but not of others. 

Motor timing is not a unitary concept, but different kinds of timing can be distin-

guished. Thus, inconsistent findings on the effects of robotic guidance could come 

about because different tasks tap different kinds of timing. The purpose of the pre-

sent study is to investigate potentially different effects of robotic guidance on different 

aspects of motor timing. In particular these are event-based versus emergent timing 

and absolute versus relative timing. 

There is a broad agreement in the literature on the distinction between explicit 

and implicit timing (Zelaznik, Spencer, & Ivry, 2002) or event-based and emergent 

timing (Ivry, Spencer, Zelaznik, & Diedrichsen, 2002). Event-based (explicit) timing is 

assumed to depend on an explicit representation of time, whereas emergent (implicit) 

timing arises as an emergent property of the movement. Zelaznik et al. (2002) refer 

to the example of a sprinter: first his timing is explicit since he anticipates the start of 

the run. While running, the timing becomes more and more implicit, and he produces 

the required durations of sub-movements in an emergent manner.  

The notion of distinct timing mechanisms rather than a single general one, as 

claimed earlier by several authors (e.g., Franz, Zelaznik, & Smith, 1992; Keele & Ivry, 

1990; Keele, Pokorny, Corcos, & Ivry, 1985; Treisman, Faulkner, & Naish, 1992; Ivry 

& Hazeltine, 1995), arose from studies that used tapping, intermittent circle-drawing, 

and continuous circle-drawing tasks. In these studies, timing variability was corre-

lated between different tapping and intermittent circle-drawing tasks as well as be-

tween different continuous circle-drawing tasks. In contrast, the timing variability of 

continuous circle drawing was not correlated with the timing variability of tapping or 

intermittent circle drawing (Robertson, Zelaznik, Lantero, Bojczyk, Spencer, Doffin, & 

Schneidt, 1999; Zelaznik, Spencer, & Doffin, 2000; Zelaznik et al., 2002). These find-



8

ings led the authors to the assumption that discrete timing tasks such as tapping or 

intermittent circle drawing rely on explicit timing mechanisms, whereas continuous 

timing tasks such as consecutive circle drawing invoke mechanisms of emergent tim-

ing. Further support for the distinction between event-based and emergent timing 

comes from neuropsychological studies. Patients with certain cerebral lesions had 

considerable difficulty in performing discrete timing tasks. In contrast, their ability to 

perform continuous rhythmic movements was not affected (e.g., Spencer, Zelaznik, 

Diedrichsen, & Ivry, 2003).  

The distinction between emergent and discrete motor timing is related to the 

broad distinction between continuous/rhythmic and intermittent/discrete movements 

and the differences between them with respect to control and learning (for an over-

view see Hogan & Sternad, 2007). The emergent-timing task used in the present ex-

periment is continuous and rhythmic, whereas the event-based timing task is intermit-

tent and discrete. Studies of learning these types of movement suggest that they rely 

on at least partly distinct mechanisms of control and learning, which should embrace 

different mechanisms of timing control (e.g., Howard, Ingram, & Wolpert, 2011; Ike-

gami, Hirashima, Taga, and Nozaki, 2010).  

Most of the studies that showed beneficial effects of robotic guidance on the 

learning of motor timing used timing tasks that were rather discrete in nature in that 

they required initiating a movement at a certain point in time. In these tasks the tim-

ing was primarily event-based, i.e. when to turn the steering wheel or joystick, when

to hit the pinball and when to hit the drum pad with the drumstick. The findings sug-

gest that the learning of event-based or explicit motor timing might be particularly 

susceptible to the beneficial effects of robotic-guidance training. However, the timing 

in the tests of Feygin et al. (2002) was more of the emergent type. Therefore the pre-
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sent experiment was designed to contrast the effects of robotic guidance on both, 

event-based and emergent motor timing.  

We used a circle-drawing task in two variants for two timing groups. Participants 

performed either continuous (emergent timing) or intermittent (event-based timing) 

circle drawing in a synchronization-continuation paradigm, which is commonly used 

in motor-timing studies (e.g. Robertson et al., 1999; Zelaznik, Spencer, Ivry, Baria, 

Bloom, Dolansky, Justice, Patterson, & Whetter, 2005; Summers, Maeder, Hiraga, & 

Alexander, 2008; Repp & Steinman, 2010). In the synchronization phase participants 

had to synchronize their drawing movements with the pace of a metronome. This 

phase was a learning phase, in which participants were shown which characteristics 

the movement should have. In the following continuation phase participants heard no 

more tones and tried to continue their movements with the same pace. This was a 

test phase, in which participants reproduced the movement. Half of the participants in 

each timing group were guided by a haptic device during the synchronization phase, 

whereas the other half performed the task without haptic guidance. The robot guided 

the participant’s hand on a circular trajectory, either continuously or interrupted by 

pauses, with the correct timing. However, the force exerted by the device could be 

overridden by the participant. During continuation none of the participants was 

guided anymore.  

The second distinction between different types of motor timing that we examined 

with respect to the effects of robotic guidance is the one between absolute and rela-

tive timing (Terzuolo & Viviani, 1980; Schmidt, 1985). Absolute timing refers to the 

overall duration of a movement, whereas relative timing refers to the relative dura-

tions of sub-movements. Absolute and relative timing in principle differ in their sus-

ceptibility to the effects of different training protocols (e.g. Shea, Lai, Wright, Immink, 
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& Black, 2001; Wulf, 1995), so that they might also differ in their susceptibility to the 

effects of haptic guidance. 

The correct relative timing is difficult in the intermittent circle-drawing task that we 

used, but not in the continuous circle-drawing task. Participants have problems with 

parsing the duration of a movement cycle in circles and pauses of equal length. In-

stead of producing circles and pauses of equal durations, participants tend to 

lengthen the relative duration of the movement and to shorten the relative duration of 

the pause (e.g. Zelaznik et al., 2002). In contrast, with continuous circle drawing the 

relative durations of successive circles do not systematically differ. 

We examined absolute and relative timing by way of analyzing the timing per-

formance in terms of three different measures, two for absolute and one for relative 

timing. Since it is well known that robotic guidance leads to improved performance 

during training, we expected the guided groups to be more accurate in absolute tim-

ing during the synchronization phase. Relative timing was only relevant in the dis-

crete timing task (intermittent circle drawing), where a movement cycle should be 

parsed in a circle and a pause of equal length. Therefore an effect regarding relative 

timing was expected only for the discrete task, but not for the continuous task in 

which circles were produced without interruptions. However, our main interest was 

not in the synchronization phase, which primarily served as a learning phase in which 

the movement was demonstrated to the participants. Rather, we intended to answer 

the question whether robotic guidance leads to a more accurate absolute and/or rela-

tive timing in the continuation phase and thus facilitates learning of either one or both 

timing tasks. 
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Methods

Participants  

A total of 78 participants volunteered for the study. Their age ranged from 18 to 

36 years (M=23.5 years, SD=3.71 years). Forty-four of the participants performed the 

continuous (emergent) timing task (32 female, 12 male; mean age: 22.9 years). 

Twenty-two of them (13 female, 9 male; mean age: 22.7 years) were supported by 

the robot during synchronization (experimental group), whereas 22 participants (19 

female, 3 male; mean age: 23.2 years) were in a control group without robotic guid-

ance. The discrete (event-based) timing task was performed by 34 participants (15 

female, 19 male; mean age: 24.3 years). Eighteen (7 female, 11 male; mean age: 

24.4 years) of them were supported by robotic guidance during synchronization (ex-

perimental group), and 16 (8 female, 8 male; mean age: 24.1 years) performed with-

out guidance (control group). All participants were right-handed, had normal or cor-

rected to normal vision and no significant language, motor or neurological dysfunc-

tion according to their own declaration. Each participant was paid 10 Euro. 

Apparatus  

Participants drew with a pen on a digitizer (Wacom Intuos4). Position data were 

sampled at 100 Hz. The tip of the pen was attached to the end of a robot arm (Phan-

tom Premium 1.5 A, SensAble Technologies). The connecting link at the end of the 

robot arm carried a hole into which the tip of the pen was inserted (see Fig. 1a). The 

pen was held there by a minute rubber ring inside the walls of the hole, so that it 

could be tilted freely in all directions. Only with respect to horizontal movements the 

link between robot arm and tip of the pen was rigid. The position of the tip of the pen 

was mapped on the position of a cursor on the monitor, a green marker of 5 mm di-

ameter. To avoid injuries in case the Phantom gets out of control, a safety barrier 
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was placed between it and the participant. Figure 1b shows the whole experimental 

setup with Phantom, the digitizer and the monitor (Iiyama S902JT VisionMaster Pro 

451) which was placed in about 90 cm distance from the participant’s eyes. 

Fig. 1. Apparatus: (a) The tip of the pen was attached to the lower end of the stylus of a Phantom 1.5. 

(b) Participants were seated in front of a digitizer tablet and faced a monitor. 

Design and procedure  

We compared the performance of a robotic-guidance (or experimental) group and 

a control group for two kinds of timing task, a continuous one (emergent timing) and 

a discrete one (event-based timing). Thus there were four groups of participants in 

total. Participants were seated in front of the digitizer in a quiet and dimly lit room. 

They were instructed to watch the screen and wore earphones via which tones were 

presented and which shielded them from other, distracting auditory stimuli such as 

the drawing noise. 

First the instructions were read and five familiarization trials were performed. Dur-

ing these trials, participants performed either with or without robotic guidance during 

the synchronization phase, depending on the group they were assigned to. The ex-

periment proper took about one hour and consisted of 57 trials. Each trial consisted 
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of a synchronization phase, in which participants should synchronize their move-

ments with the pace of a metronome that produced a tone of 30 ms duration every 

1000 ms, and a continuation phase, in which they should maintain the timing estab-

lished during synchronization. Participants of the experimental group were informed 

that the robot would support their movements, and that the guidance would end to-

gether with the tones. 

Although the focus was on the timing of the participants’ movements, there was 

the additional requirement to draw circles with a diameter of roughly 10 cm. A blue 

marker was presented on the monitor which indicated the topmost position of the 

ideal circle where movements should start and end. To illustrate the requested di-

ameter of the circular movement, during the first 5 s of each trial an additional white 

marker was presented which indicated the lowest position of the ideal circle. The cur-

sor was visible during these first 5 s only. 

Continuous timing task 

At the start of each trial, participants moved the cursor to the topmost position of 

the ideal circle (blue marker). After two seconds the first tone appeared, and partici-

pants started to draw circles continuously. They tried to synchronize their movements 

with the pace of the auditory stimulus, i.e., they tried to pass the blue marker every 

1000 ms in synchrony with the tone (see Fig 2a). During the synchronization phase 

the experimental group was assisted by the haptic device. More specifically, at each 

point in time there was a force field which drove the tip of the pen to a target position 

on the circumference of a circle with 10 cm diameter; the target position moved 

around the circumference within 1000 ms. The force was 0.3d N, with d as the dis-

tance in mm of the current position of the tip of the pen from its target position (upper 

limit: 10 N). The participants of the control group also drew with the pen attached to 
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the Phantom device, but there was no guidance as in the experimental group. Each 

synchronization phase lasted 16 seconds, i.e. 16 circles. For the following 30 s par-

ticipants were instructed to continue their movements with an unchanged pace, i.e. 

they were told to draw circles at the same pace (and with the same diameter) as in 

the synchronization phase, as if the tones would still appear. After 46 seconds a 

high-pitched tone was presented and the cursor became visible again. This indicated 

the end of the trial. 

Discrete timing task 

The discrete timing task was somewhat different from the continuous task. In-

stead of drawing circles continuously, participants should pause after each circle 

(see Fig. 2b). The circles and the pauses should be synchronized with the tones 

which appeared every 1000 ms. Thus, participants should start a circular movement 

with the first tone and end at the topmost position in synchrony with the subsequent 

tone. Then they should pause for 1000 ms until the third tone, in synchrony with 

which they should start the next circular movement, and so forth. The synchroniza-

tion phase lasted 16 seconds, so that 8 circles and 8 pauses were produced. Again 

the experimental group was guided by the robot during this phase, whereas the con-

trol group tried to synchronize their movements without any physical support. For the 

subsequent continuation phase, which lasted another 30 seconds (15 circles + 15 

pauses), participants were instructed in the same way as participants who performed 

the continuous task.  
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Fig. 2. Timing tasks. With the continuous timing task (a) participants had to draw circles successively 

and pass the topmost position of the circle in synchrony with the tones. Two circles were merged to 

one cycle. Participants with the discrete timing task (b) should rest after each circle for 1000 ms. One 

circle and the following pause were merged to a cycle. 

Data analysis 

 In a first step, the position-time curves were low-pass filtered (fourth-order 

Butterworth, 5 Hz, dual-pass) and individual circles and pauses were identified for 

each trial. For this purpose the y-velocity (velocity of the vertical motion of the cursor 

on the monitor or, equivalently, the forward-backward movement of the hand) was 

calculated by means of a central-difference algorithm. Subsequently the velocity pro-

file was scanned. For the continuous timing task, a circle was defined as lasting from 

the one zero crossing to the one after the next, which is equivalent to the time from 

the beginning of a downward motion of the cursor to the beginning of the next one. 

For the discrete timing task, a circle was defined to last from the time at which down-

ward velocity exceeded a threshold of 20 mm/s for at least 15 successive samples to 
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the last time at which upward velocity was larger than a threshold of 20 mm/s for the 

preceding 15 samples or longer. A pause was defined to last from the end of one cir-

cle to the start of the subsequent one. (As a consequence of the use of the velocity 

thresholds unequal zero, relative durations of pauses should tend to be overesti-

mated rather than underestimated.) 

For the analysis pairs of consecutive circles (continuous timing task) or of circles 

and the subsequent pauses (discrete timing task) were combined to cycles (cf. Fig-

ure 2). In the case of an unequal number of circles and pauses in the synchronization 

or continuation phase of the discrete timing task or an odd number of circles in the 

synchronization or continuation phase of the continuous task, the last circle in the 

respective phase was neglected. In addition first and last cycles of synchronization 

and continuation phases were discarded, and so were deviant cycles that did not 

meet the following criteria: first, the cycle had a duration between 1.5 and 2.5 s, sec-

ond, the Euclidean distance between the start and the final position of the cursor was 

not larger than 25 mm, third, start and end position of the cycle had a y-position 

above the mean y-position of the whole cycle, and fourth, the second part of the cy-

cle had a duration longer than zero. 

For the cycles of the synchronization phase and the continuation phase of each 

trial the constant error, i.e., the mean difference between requested cycle duration 

(2000 ms) and the actual cycle durations, was calculated and served as a measure 

of absolute-timing accuracy. This measure in particular indicates systematic decel-

erations or accelerations in the continuation phase. As an additional (and more fre-

quently used) measure of absolute-timing accuracy the variable error was deter-

mined, i.e., the standard deviation of the cycle durations in each phase of each trial. 

The mean difference between the durations of the first parts of the cycles (circles) 

and the durations of the second parts of the cycles (circles or pauses) served as a 
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measure of relative-timing accuracy, again computed separately for the synchroniza-

tion phase and continuation phase of each trial. Since each component ideally lasted 

1000 ms, this measure should be around zero when participant’s relative timing was 

accurate. In contrast, this measure was above zero when the duration of the first part 

of the cycle was longer than the duration of the second part, and below zero when 

the second part took longer.  

The three dependent variables for each of the 57 trials were averaged to form 

means for 3 blocks of 19 trials each. The individual means for each block were en-

tered in the statistical analyses. Three-way ANOVAs were run, separately for the 

synchronization and continuation phase. Timing task (continuous vs. discrete) as well 

as guidance condition (guided vs. unguided) served as between-participant factors 

and block as the within-participant factor. Greenhouse-Geisser corrections were ap-

plied when appropriate, but the uncorrected degrees of freedom are reported to-

gether with the Greenhouse-Geisser epsilon. Effect sizes are given as partial eta-

squared. 

Results

The results will be reported first for the synchronization phase and thereafter for 

the continuation phase. The former reflect the immediate performance effects of the 

robot assistance, whereas the latter reflect the learning effects. The means of the 

three dependent variables during both synchronization and continuation are shown in 

Figure 3. 

Synchronization phase 

In the synchronization phase 4.8 % of all cycles were excluded from analysis 

(group continuous, guided: 1.5 %, group continuous, unguided: 7.4 %, group dis-

crete, guided: 5.1 %, group discrete, unguided: 5.2 %). 
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As expected, absolute timing was more accurate, i.e., the mean deviation of cycle 

durations from 2000 ms was closer to zero and the standard deviation of cycle dura-

tions was smaller, when participants were guided by the robot than in the unguided 

control group. This was true for both timing tasks, continuous (emergent timing) and 

discrete (event-based timing). The variable timing error of the discrete task was in 

general higher than that of the continuous task. In contrast, with respect to relative 

timing only participants in the two groups with the discrete task-with and without hap-

tic guidance-differed. 

Fig. 3. Constant error of cycle duration (top), variable error of cycle duration (centre), and relative 

timing (bottom) during the synchronization and the continuation phase for the continuous (left) and the 

discrete (right) timing task and the 3 blocks of trials in each phase. Standard errors are given as verti-

cal bars. An asterisk close to the lines indicates a significant difference between the experimental 

(guided) and the control (unguided) participants. 
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The ANOVA of the constant error of absolute timing revealed a significant differ-

ence between guidance conditions, F(1,74) = 7.24, p<.01, 2
p�  = .09, as well as a sig-

nificant interaction of the factors timing task and guidance condition, F(1,74) = 5.33, p 

= .02, 2
p�  = .07. Performance improved significantly across blocks, F(2,148) = 3.54, p 

= .05, � = .67, 2
p�  = .05, but there was no significant interaction of blocks with timing 

task or guidance condition. Further analyses that were performed separately for the 

two timing-task groups revealed that experimental (guided) participants performed 

significantly better than control (unguided) participants with the continuous task, 

F(1,42) = 8.57, p <. 01, 2
p�  = .17, whereas the difference between these two groups 

with the discrete task failed to reach statistical significance, F(1,32) = 0.58, p = .45, 

2
p�  = .02.  

The ANOVA of the variable timing error revealed significant main effects of the 

factors timing task, F(1,74) = 70.72, p < .01, 2
p�  = .49, and guidance condition, 

F(1,74) = 157.10, p < .01, 2
p�  = .68. Performance improved across blocks, F(2,148) = 

6.06, p < .01, � = .98, 2
p�  = .08. Separate ANOVAs for the two timing-task groups 

showed that with both tasks, continuous, F(1,42) = 200.05, p < .01, 2
p�  = .83, and 

discrete, F(1,32) = 38.58, p < .01, 2
p�  = .55, participants had a significantly smaller 

variability of the cycle durations when they were supported by the robot.  

Regarding relative timing, the overall ANOVA revealed a significant main effect of 

the factor guidance condition, F(1,74) = 65.86, p < .01, 2
p�  = .47, as well as a signifi-

cant interaction of timing task and guidance condition, F(1,74) = 66.44, p < .01, 2
p�  = 

.47. Relative timing did not change significantly across blocks, and there was no sig-

nificant interaction involving this factor. Separate analyses for the two timing-task 
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groups showed that participants with the discrete task were significantly more accu-

rate when they were supported by the robot, F(1,32) = 50.70, p < .01, 2
p�  = .61, than 

in the unsupported control condition. With the continuous task, in contrast, partici-

pants of the experimental and control groups did not differ significantly in their rela-

tive-timing performance, F<1. The difference between the durations of the first and 

second circles of each cycle was close to zero in both the experimental (guided) and 

control (unguided) condition. 

Continuation phase 

In the continuation phase 8.7 % of all cycles were excluded from analysis 

(group continuous, guided: 5.7 %, group continuous, unguided: 7.6 %, group dis-

crete, guided: 14.4 %, group discrete, unguided: 8.1 %). 

The analysis of the timing performance in the continuation phase reveals whether 

experimental (guided) participants could maintain their superior performance after 

the robot has been switched off. As soon as the guidance has been removed, there 

was no more difference between the guidance conditions regarding the constant er-

ror of absolute timing, neither with the continuous nor with the discrete task. Partici-

pants in the two groups with the continuous timing task did also not differ regarding 

the variable error of absolute timing and relative-timing accuracy. In contrast, experi-

mental participants with the discrete timing task were more accurate in their relative 

timing than unguided control participants, but also more variable in their absolute tim-

ing.  

The ANOVA of the constant error showed no significant main effects, neither for 

the factor timing task nor for the factor guidance condition, and the interaction of 

these two factors was also not significant. The change across blocks failed to reach 

statistical significance, but there was a significant block x timing task interaction, 
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F(2,148) = 4.88, p = .01, � = .84, 2
p�  = .06. Separate analyses of the two timing-task 

groups showed that this interaction was due to a marginally significant improvement 

of performance with the continuous task, F(2,84) = 2.67, p = .09, � = .75, 2
p�  = .06, 

and a decline of performance across blocks with the discrete task, F(2,64) = 3.66, p 

= .04, � = .82, 2
p�  = .10. The decline of absolute timing performance resulted from a 

progressive reduction of the mean cycle duration. The interaction between block and 

guidance condition was not significant.  

For the variability of cycle duration, the main effect of timing task, F(1,74) = 

106.47, p < .01, 2
p�  = .59, and the timing task x guidance condition interaction, 

F(1,74) = 4.10, p = .05, 2
p�  = .05, were significant. The variable timing error did not 

change significantly across blocks. Separate analyses revealed that there was no 

difference between experimental and control participants in the continuous timing-

task group, F<1. In contrast, with the discrete task the variable timing error was sig-

nificantly larger for participants who were trained with the robot than for control par-

ticipants, F(1,32) = 5.36, p = .03, 2
p�  = .14. 

Regarding the difference between the durations of the first part of the cycle and 

the second part (relative timing), in the continuation phase there were still significant 

effects of the factors timing task, F(1,74) = 28.22, p < .01, 2
p�  = .28, and guidance 

condition, F(1,74) = 6.04, p = .02, 2
p�  = .08, as well as a significant interaction of 

these two factors, F(1,74) = 5.96, p = .02, 2
p�  = .08. The factor block, F(2,148) = 4.86, 

p = .02, � = .67, 2
p�  = .06, as well as the block x timing task interaction, F(2,148) = 

4.75, p = .02, � = .67, 2
p�  = .06, also reached statistical significance. Separate 

ANOVAs for the two timing-task groups showed that the significant main effect of 
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guidance condition was due to the superiority of the guidance group with the discrete 

timing task. Participants who had been guided by the robot in the synchronization 

phase were still significantly more accurate in their relative timing in the continuation 

phase, F(1,32) = 4.59, p = .04, 2
p�  = .13, even though their performance now was 

also biased in that their circles were too long and their pauses too short. All partici-

pants in the discrete timing-task group improved significantly across blocks, F(2,64) = 

3.69, p = .05, � = .67, 2
p�  = .10. With the continuous timing task, experimental partici-

pants did not differ from control participants in their relative timing, F(1,42) = 1.45, p = 

.24, 2
p�  = .03. Both groups had mean differences around zero, which indicates that 

first and second circles of each cycle were of equal mean durations.

Discussion

In this study we investigated the effects of robotic guidance on the performance 

and learning of different types of motor timing in a synchronization-continuation 

paradigm. Two different timing tasks, continuous and discrete, served to distinguish 

between two different timing mechanisms, emergent and event-based timing (e.g., 

Zelaznik et al., 2002). We used three different measures to assess performance both 

with respect to absolute and relative timing (e.g., Terzuolo & Viviani, 1980).  

In the synchronization phase, where participants synchronized their movements 

with the pace of a metronome, participants with the continuous timing task, who were 

supported by the robot, showed a more accurate performance in absolute timing than 

the control group without robot support, i.e., the robot helped them to produce each 

cycle with the exact target duration. This resulted in cycle durations of approximately 

two seconds as well as a small variability. For the continuous task there was no dif-

ference between the groups with and without robot guidance regarding the relative 

timing, i.e., the relation between the durations of the first and the second circle of 
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each cycle. This is not surprising since the correct relative timing was not an inherent 

difficulty of the continuous timing task which tapped the emergent timing mechanism.  

Experimental (guided) participants with the discrete timing task were more accu-

rate during synchronization in all three dependent measures than control (unguided) 

participants, although for the constant error of absolute timing the difference failed to 

reach statistical significance. Participants in the experimental condition profited from 

the robot in that it helped them to keep the duration of the circle and the pause of 

each cycle more similar. In summary, the results of the synchronization phase are 

consistent with previous observations that robotic guidance leads to better timing 

performance during practice (Marchal-Crespo & Reinkensmeyer, 2008a; Re-

inkensmeyer & Patton, 2009; Schmidt & Lee, 1999).  

The more important question is whether the benefits of haptic guidance persist in 

the continuation phase, after the robot has been switched off. This was the case only 

for the relative-timing performance of the discrete task: participants who had been 

guided by the robot during synchronization were more accurate in keeping the dura-

tion of the circle and the pause similar than participants of the control group. In con-

trast, experimental participants with the continuous task did not differ from the control 

participants in any of the measures anymore. 

Besides the improvement of the relative timing, experimental participants with the 

discrete timing task also showed increased variability of their absolute timing. Most 

likely this increase of the variable error of absolute timing is a consequence of the 

better relative timing rather than a genuine detrimental effect of the robot training. 

Experimental participants made longer pauses than control participants, as indicated 

by the relative-timing measure. Since the timing variability commonly increases with 

increasing interval duration (e.g. Peters, 1989), it is feasible that the larger variable 
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error of absolute timing in the experimental group reflects a higher variability of 

pause durations which in turn result from longer pauses.  

To test this hypothesis, we computed the regression of the individual variable er-

rors of absolute timing on the individual measures of relative timing, with both vari-

ables averaged across blocks of trials. The scatter plot is shown in Figure 4. The 

slope of the linear regression was significant, -.02 (95% confidence interval: -.04 to 

0), that is, the variable error of absolute timing did indeed increase with increasing 

relative-timing accuracy (i.e., increasing pause durations).  

Fig. 4. Scatter plot of variable error as a function of relative timing in the two groups with the discrete 

timing task. Both variable error and relative timing are averages across the three blocks of trials for 

each individual participant. 

Overall the residuals of the variable timing error sum up to zero. However, in the 

two groups with the discrete timing task they could be different. They were .005 and -

.006 s in the experimental and the control group, respectively. Even though the vari-

able errors of the experimental group were preferably above the regression line and 

those of the control group below (cf. Figure 4), the difference was not statistically sig-
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nificant, t(32)=1.66, p=.11. Thus, for (statistically) equivalent relative-timing accuracy 

the absolute-timing variability was not significantly different in the two groups. There-

fore the higher cycle variability of the participants of the experimental group is primar-

ily due to their more accurate relative timing. 

Why did robotic guidance facilitate the learning of relative timing only? Perhaps 

relative timing per se profits more from robotic-guidance training than absolute tim-

ing. Relative timing was also an important aspect in the study of Feygin et al. (2002) 

and in other studies (Grindlay, 2008; Marchal-Crespo & Reinkensmeyer, 2008a; 

Marchal-Crespo & Reinkensmeyer, 2010; Milot et al., 2010), in which positive effects 

of guidance on the learning of temporal movement characteristics could be shown. 

Since learning of a correct relative timing in our study was required only in the dis-

crete timing task, but not in the continuous task, where circles were drawn consecu-

tively and the relative timing of successive circles was correct from the very start, the 

present data do not allow any conclusion with regard to the learning of relative timing 

in a continuous timing task. 

In spite of the rather consistent findings, one may doubt that relative timing per se 

is crucial for the benefit of robotic-guidance training. Perhaps it is not the kind of tim-

ing, but the difficulty of communicating or instructing certain movement characteris-

tics that determines whether their learning profits from robotic guidance. Some 

movements or movement characteristics can be taught easily by verbal instruction or 

visual demonstration. In contrast, others are hard to explain and to communicate 

without producing the movement, but can easily be demonstrated by guiding the 

learner. The continuous and discrete timing tasks in our experiment differed with re-

gard to this aspect. Whereas the instructions for the continuous circle-drawing task 

were easy to understand, it was more difficult to explain verbally when to draw and 

rest during the intermittent circle-drawing task. The results are in accordance with 
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this hypothesis, since participants who practiced the discrete timing task had obvious 

difficulties with parsing the cycles in circles and pauses of equal durations (see Fig. 

3).  

Such considerations suggest that the learning of those movements or movement 

characteristics will benefit from robotic guidance which are otherwise hard to com-

municate. Temporal aspects are in general harder to demonstrate verbally or visually 

than spatial characteristics. When and how to move to play the drums (Grindlay, 

2008) or the pinball (Milot et al., 2010), to turn a steering wheel (Marchal-Crespo & 

Reinkensmeyer 2008a; Marchal-Crespo & Reinkensmeyer, 2010 ) or how to make a 

movement with a certain spatio-temporal pattern (Feygin et al., 2002) is hard to ex-

plain, but easier to demonstrate haptically. Perhaps this is why these kinds of move-

ments are more likely to profit from haptic guidance. Further experiments with differ-

ent timing tasks are needed to clarify the question if it is really the temporal aspect or 

a certain mode of timing that makes a task susceptible to the beneficial effects of ro-

botic guidance or if it is rather the difficulty of demonstration that is crucial. 

Finally, we want to briefly address the reasons for the phenomenon which can 

also be found in previous studies of intermittent circle drawing (e.g., Zelaznik et al., 

2002), namely the tendency of participants to draw circles that are too long in dura-

tion and to make pauses that are too short. The control group showed this behaviour 

from the beginning and throughout the whole experiment, during synchronization as 

well as during continuation. Performance of the experimental participants was biased 

in the same direction as soon as the robot was switched off, even though not to the 

extent as the performance of the control participants was. 

 The different relative durations of circles and pauses might be due to differences 

in time perception during drawing a circle and pausing. Several studies (e.g., Chas-

ton & Kingstone, 2004) demonstrate that time seems to pass faster when a task is 
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performed. According to the attentional model of prospective time estimation (Tho-

mas & Weaver, 1975), attention has to be shared between a timer and additional in-

formation. This timer produces pulses with a particular frequency that are accumu-

lated and used for time estimation. When attention is distracted from the timer, 

pulses are lost and time is underestimated. Applied to the task in our experiment, the 

time interval during drawing the circle might have been perceived as shorter than it 

really is, since the drawing task distracts attention. Zelaznik et al. (2002) explained 

the larger variability of the cycle components than of the overall duration as resulting 

from the primary goal of maintaining the overall period; they refer to a study by Billon, 

Semjen, and Stelmach (1996) who argue that the action is represented in a hierar-

chical manner, with maintaining the overall period as the primary goal and maintain-

ing the subintervals as subordinate goals. According to this reasoning, participants in 

our experiment might have made the short pauses in order to compensate for the 

long circle durations to keep the overall period of two seconds. 
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Abstract 

Robotic guidance is an engineered form of haptic-guidance training and intended to 

enhance motor learning in rehabilitation, surgery, and sports. However, its benefits 

(and pitfalls) are still debated. Here we investigate the effects of different presenta-

tion modes on the reproduction of a spatio-temporal movement pattern. In three dif-

ferent groups of participants, the movement was demonstrated in three different mo-

dalities, namely visual, haptic, and visuo-haptic. After demonstration participants had 

to reproduce the movement in two alternating recall conditions, haptic and visuo-

haptic. Performance of the three groups during recall was compared with regard to 

spatial and dynamic movement characteristics. After haptic presentation, participants 

showed superior dynamic accuracy, whereas after visual presentation participants 

performed better with regard to spatial accuracy. Added visual feedback during recall 

always led to enhanced performance, independent of the movement characteristic 

and the presentation modality. These findings substantiate the different benefits of 

different presentation modes for different movement characteristics. In particular, ro-

botic guidance is beneficial for the learning of dynamic, but not of spatial movement 

characteristics. 
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Introduction 

In the last ten to fifteen years professionals from various disciplines such as kine-

siology, engineering, neurocognition, psychology, and medicine have an increasing 

interest in developing new technologies and paradigms to enhance motor learning in 

surgery, sports, musical training, and rehabilitation. One of these paradigms is ro-

botic guidance. This is an engineered form of haptic guidance, in which a teacher or 

therapist, for example, provides a hand-over-hand assistance to the student or pa-

tient (e.g. Gillespie, Brent, O'Modhrain, Tang, Zaretzky, & Pham 1998). In compari-

son to human trainers and therapists robots are more consistent and precise (Solis, 

Avizzano, & Bergamesco 2002) and also less expensive in the long run (Liu, Cramer, 

& Reinkensmeyer 2006). However, they must not be more effective. Although many 

studies with patients as well as with healthy persons have been conducted, the ef-

fects of such training are not yet well established. There is a strong demand to iden-

tify tasks and movement characteristics that actually profit from robotic guidance (for 

an overview see Reinkensmeyer, Galvez, Marchal, Wolbrecht, & Bobrow 2007, or 

Reinkensmeyer & Patton 2009). The present study was designed to gain further in-

sight into the effects of a robotic-guidance training on the short-term learning of spa-

tial and dynamic characteristics of a spatio-temporal motor pattern. 

In therapy and rehabilitation, robotic guidance is mainly used to facilitate motor 

recovery after stroke or spinal cord injury (for an overview see Marchal-Crespo & Re-

inkensmeyer 2009 or Reinkensmeyer, Emken, & Cramer 2004). Robots that guide 

movements of the upper extremity such as pointing, grasping, reaching, and drawing 

as well as devices that assist gait training by providing body weight support and 

guidance of the legs have been tested in clinical studies with patients. Whereas sev-

eral of these studies indicated that robotic-guidance training can indeed facilitate re-

covery, others could not show any benefit. 
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Early research with healthy humans on different kinds of guidance (e.g. Holding 

1970; Holding, & Macrae 1964) showed that haptic guidance can demonstrate the 

task and provide a feeling of the correct movement (that could otherwise not be 

achieved). However, there have also been early doubts about the endurance of per-

formance. Schmidt and Lee (1999) argue that haptic guidance does indeed support 

motor performance during training, but is not necessarily superior to other training 

techniques for learning. They refer to an early study of Armstrong (1970), which 

showed that guidance leads to almost perfect performance during training, but is not 

superior to other techniques after it has been removed.   

This pessimistic stance has been somewhat ameliorated by more recent studies. 

Robotic guidance has been used to train to steer a wheelchair (Marchal-Crespo & 

Reinkensmeyer 2008; Marchal-Crespo, Furumasu, & Reinkensmeyer 2010), to play 

drums (Grindlay 2008), to write foreign characters (Henmi & Yoshikawa 1998; Solis 

et al. 2002; Teo, Burdet, & Lim 2002; Palluel-Germain, Bara, Hennion, Gouagout, & 

Gentaz 2006, 2007), to play a pinball-like game (Marchal-Crespo & Reinkensmeyer 

2008; Milot, Marchal-Crespo, Green, Cramer, & Reinkensmeyer 2010) or to produce 

movements with a certain spatio-temporal pattern (Feygin, Keehner, & Tendick 2002; 

Liu et al. 2006; Lüttgen & Heuer in press; Lüttgen & Heuer submitted). The guidance 

that was used in these studies was either guidance in position (HGP) or guidance in 

force (HGF). The former uses spatial coordinates whereas the latter plays back 

forces that have previously generated and recorded by an expert (for an overview 

see Bluteau, Coquillart, Payan & Gentaz 2008). 

Many of the studies that investigated the effects of robotic guidance on motor 

learning could show that this kind of training provides indeed some benefit in com-

parison to other demonstration modalities, but not all did so (Marchal-Crespo & Re-
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inkensmeyer 2008). Most importantly, it is not well defined which movement charac-

teristics benefit from robotic-guidance training and which do not.  

However, there is tentative evidence for the hypothesis that the learning of dy-

namic movement characteristics, such as timing and velocity profiles, might benefit 

more from robotic guidance than the learning of spatial movement characteristics. 

Some authors (e.g., Liu et al. 2006) argue that vision is more accurate for spatial 

characteristics, the learning of which might thus profit more from visual than from 

haptic demonstration. In contrast, proprioception might be more accurate for dynamic 

aspects (e.g. Reinkensmeyer et al. 2009). Consistent with the hypothesis that learn-

ing of dynamic movement characteristics is particularly susceptible to robotic guid-

ance, mainly those studies could confirm a beneficial effect of a robotic-guidance 

training in which dynamic movement characteristics were crucial for performance. 

Examples are when to turn a steering wheel (Marchal-Crespo & Reinkensmeyer 

2008; Marchal-Crespo, Furumasu, and Reinkensmeyer 2010) or when to hit a pinball 

(Milot, Marchal-Crespo, Green, Cramer, & Reinkensmeyer 2010). In addition positive 

effects of robotic guidance on velocity accuracy when learning to play a rhythmic se-

quence with drumsticks (Grindlay 2008) and on the accuracy of a non-natural modu-

lation of velocity during circle drawing (Lüttgen & Heuer in press) could be shown. 

The present study was designed to gain further insight into the effects of different 

demonstration modes on the learning of dynamic and spatial aspects of a drawing 

movement. The only study known to us that explicitly compared the effects of visual, 

haptic and visuo-haptic demonstrations on the learning of both, spatial and dynamic 

aspects, is the one of Feygin et al. (2002). Participants in that experiment learned a 

complex three-dimensional movement in one of the three different demonstration 

conditions. In addition there were two recall conditions, haptic and visuo-haptic. Per-

formance was analyzed regarding both, spatial and temporal accuracy. The authors 
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could show that visual training alone was better for the learning of the position and 

the shape of the movement, whereas haptic guidance alone was better for the learn-

ing of dynamic aspects. The combined training led to a performance regarding shape 

similar to the performance in the visual condition and a performance regarding timing 

similar to the one in the haptic condition. 

Feygin et al. (2002) used a within-participant design, which means that all partici-

pants were trained in all conditions. Such a design is problematic for a learning ex-

periment, since transfer effects cannot entirely be excluded (Krauth 1995; Poulton & 

Freeman 1966). Furthermore, Feygin et al. emphasized spatial accuracy of the 

movements. For dynamic accuracy they only used a single measure of total-duration 

accuracy and did not differentiate between different aspects of timing (cf. Lüttgen & 

Heuer submitted). Thus the results of this study need confirmation and elaboration. 

Therefore we conducted a similar experiment, but with a between-participant design 

and a more detailed analysis of dynamic movement characteristics. We tested the 

effects of visual, haptic, and visuo-haptic demonstration on the short-term learning of 

different spatial and dynamic aspects of a movement. As in the study of Feygin et al. 

(2002) we used a position-based guidance method. The learning of dynamic aspects 

was expected to be superior under the haptic-demonstration condition, whereas the 

learning of spatial aspects was expected to be superior under the visual-

demonstration condition.  

Recall was assessed under two conditions, namely haptic feedback only and 

visuo-haptic feedback. These two different recall conditions were introduced to inves-

tigate if the recall mode interacts with the mode in which the movement is demon-

strated (as in Feygin et al. 2002). With visual demonstration, participants only 

watched the movement on the screen. Thus they had to translate the information 

from the visual modality into the proprioceptive modality (Grindlay 2008) during recall. 
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This should be less difficult when vision is present during recall as well, so that the 

participants can reproduce the visual pattern on the screen. In contrast, under haptic-

only recall, participants cannot resort to the visual information, and the translation of 

the visual modality into proprioception should be more error-prone. Therefore per-

formance of the visually trained group should be superior when vision is added dur-

ing recall. In contrast, the effects of added vision during recall when the movement 

was demonstrated haptically are more uncertain. Added vision might interfere with 

the haptic representation of the movement and might therefore decrease perform-

ance (as in Feygin et al. 2002). Alternatively, it might provide supplementary informa-

tion about the movement that could be used in addition to the well-learned haptic in-

formation and therefore increase performance. 

Methods 

Participants 

A total of 60 participants (42 female, 18 male; 19-33 years) volunteered for the 

study. Twenty of them participated in the visual group (13 female, 7 male; mean age: 

25.5 years, SD: 3.3), 20 in the haptic group (17 female, 3 male; mean age: 24.2 

years, SD: 2.7), and 20 in the visuo-haptic group (12 female, 8 male; mean age: 24.5 

years, SD: 2.6). All participants were right-handed and had normal or corrected to 

normal vision according to their own declaration. They read and signed an informed 

consent form before the experiment that was done in accordance with the ethical 

standards laid down in the 1964 Declaration of Helsinki. 

Apparatus 

The apparatus is shown in Figure 1. It consisted of a PC with a monitor (Iiyama 

S902JT VisionMaster Pro 451), a digitizer (Wacom Intuos4), and a robotic device 
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(Phantom Premium 1.5 A, SensAble Technologies). The connecting link at the end of 

the robot arm carried a hole into which the tip of the digitizer pen was inserted. The 

pen was held there by a minute rubber ring inside the walls of the hole, so that it 

could be tilted freely in all directions. Only with respect to horizontal movements the 

link between robot arm and tip of the pen was rigid. Participants drew with this pen on 

the digitizer. The position of the tip of the pen was mapped on the position of a cursor 

on the monitor, a green marker of five mm diameter. Position data were sampled at 

100 Hz. To avoid injuries in case the Phantom should get out of control, a safety bar-

rier was placed between it and the participant. 

Fig. 1 Apparatus: Participants were seated in front of a digitizer tablet and faced a monitor. The tip of 
the pen was attached to the lower end of the stylus of a Phantom 1.5. 

Design and procedure 

The task of the participants was to learn a target movement with a certain velocity 

profile and to reproduce it afterwards. Based on the movements used in a study of 
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Shea, Lai, Wright, Immink, and Black (2001), we generated the target movement by 

defining the x- and y- coordinates of the start-, end-, and five reversal points. These 

were concatenated by segments of sine functions. Thus the target trajectory con-

sisted of six sub-movements, lasting from one reversal point to the next. The se-

quence of (x, y) coordinates was transformed into position-time curves x(t) and y(t) 

for a total duration of 5 s. Finally the (discrete) time axis was nonlinearly transformed 

by  

t(i) = t(i-1) + �t* [1+0.5*cos(2*�*i/n)]  

with i=1…n, n as the total number of samples (500) and �t = 10 ms. The transforma-

tion served to produce a velocity profile which started with a high acceleration and 

appeared rather inharmonious. The resulting movement path (a) and velocity profiles 

(b) are shown in Figure 2.  

Fig. 2 Trajectory (a) and velocities (b) of the target movement. 

Participants were randomly assigned to three different groups that differed in the 

way the movement was demonstrated to them, namely visually, hapticly, and visuo-

hapticly. They were seated in front of the digitizer in a quiet and dimly lit room. They 

were instructed to watch the screen and wore earphones via which tones were pre-

sented and which shielded them from distracting auditory stimuli such as the drawing 
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noise. After the instructions had been read, a familiarization trial was performed. Dur-

ing this familiarization trial the movement was demonstrated to the participant in the 

appropriate mode four times and should be reproduced afterwards four times. During 

two of these four reproductions the cursor was visible and during two reproductions 

participants performed without any visual feedback. Feedback conditions alternated. 

All participants performed 12 trials with 30-s rest periods between them. The 

whole experiment took about one hour. Each trial consisted of a demonstration 

phase, in which the movement was demonstrated to the participants ten times, and a 

recall phase, in which participants reproduced the movement ten times as accurately 

as possible. To start each movement, during demonstration as well as during recall, 

participants moved the cursor to a start position on the screen, marked by a white 

outlined circle of 5 mm diameter. Two seconds after the start position had been 

reached, the movement began. Start and end of each movement were indicated by a 

tone. 

The movements were demonstrated to each participant in one of three demon-

stration modes, depending on the group the participant was assigned to. In the visual 

group, participants watched the green filled circle which moved on the target trajec-

tory with the appropriate velocity profile. They did not move their hand and were in-

structed to memorize the exact movement. In contrast, participants in the haptic 

group did not see the movement on the screen. As soon as they heard the tone and 

the movement began, the cursor disappeared. Instead, the movement was demon-

strated to the participants hapticly by the Phantom device, which guided them while 

they faced the monitor. More specifically, there was a force field that drove the tip of 

the pen to the correct target position at each point in time. The force was 0.3d N, with 

d as the distance in mm of the current position of the tip of the pen from its current 

target position (upper limit: 10 N). Participants were instructed to let their hand be 
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guided by the robot and to memorize the movement. The visuo-haptic group experi-

enced a combination of the demonstration modes in the visual and haptic groups: 

participants were guided by the Phantom and saw the cursor moving on the screen 

simultaneously.  

The task during the recall phase was the same for all participants: they were re-

quested to reproduce the movement as accurately as possible ten times. For each 

reproduction they moved the cursor to the start position. After two seconds the tone 

was presented and participants should start their reproduction immediately. When the 

cursor did not move more than 0.2 mm for 500 ms, the end of the movement was 

detected and a tone was presented. To ensure that the movement was not termi-

nated when the participant started it with a delay, the criterion for the end of the 

movement was applied not until two seconds after the start tone. During half of the 

reproductions, participants received visual feedback (visuo-haptic recall), i.e., they 

saw their movements on the screen, indicated by a green filled marker. In the other 

half of the reproductions there was no visual feedback (haptic recall). Participants 

were aware that feedback conditions alternated. 

Data analysis 

Only the reproductions were analyzed. First the position-time curves were low-

pass filtered (fourth-order Butterworth, 5 Hz, dual-pass) and the velocities for the tar-

get and the cursor movement along both dimensions of the plane as well as the re-

sultant velocity were computed (central-difference algorithm). Subsequently, start and 

end of the target and the cursor movement were determined. The start of each 

movement was defined as the first point where the resultant velocity exceeded 8 

mm/s for at least 5 consecutive samples. The end of the movement was defined as 
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the point where the resultant velocity exceeded 8 mm/s for the last time, followed by 

at least 5 consecutive samples with resultant velocity less than 8 mm/s.  

The reversal points of each movement were determined by identifying those x-

positions which exceeded the previous and the following one (in case of maxima) or 

where smaller than the previous and the following one (in case of minima). Sub-

movements were defined to last from one reversal to the next one, with start- and 

end-positions serving as the first and the last reversal point. Movements with more or 

less than seven reversals were excluded from further analysis. In total 2.5 % of all 

reproductions with haptic feedback were excluded (visual group: 1.2 %, haptic group: 

4.1 %, visuo-haptic group: 2.2 %). Among the reproductions with visuo-haptic feed-

back, 2 % of all movements were excluded (visual group: 1.0 %, haptic group: 2.4 %, 

visuo-haptic group: 2.6 %). 

For each movement the durations and the amplitudes in the horizontal direction 

were computed for all sub-movements. The sums defined total duration and total 

amplitude. For each movement, total-duration error was determined as E, a measure 

of accuracy that includes both the response bias (constant error) and the variability 

(variable error) (see Shea et al. 2001). E was calculated as )VE+CE(=E 22 , with 

CE as the constant error (mean total durations minus target durations) and VE as the 

variable error (standard deviation of total durations minus target durations).  

To assess the accuracy of the profile of the durations of the sub-movements we 

adopted a procedure used by Heuer (1984). We treated the durations of the six sub-

movements of each movement as a six-dimensional vector and computed the angle 

between this vector and the corresponding vector of the target movement. This an-

gle, the duration-profile error, is zero when the vectors have the same direction, i.e., 

when the participant’s movement has the same duration profile as the target move-

ment. The advantage of this measure is that it is insensitive to errors of total duration. 
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The analysis of spatial accuracy was performed in the same way as the analysis 

of temporal accuracy. Instead of using the durations of the six sub-movements, we 

used the horizontal amplitudes for computing the total-amplitude error and the ampli-

tude-profile error. Thus we had two measures of temporal accuracy and two meas-

ures of spatial accuracy, each time one for the total error and one for the profile error.  

Finally, we determined the accuracy of the resultant-velocity profile in terms of the 

correlation between the resultant velocity of the participant’s movement and the tar-

get resultant velocity (before computation of the correlations the reproductions had 

been normalized to the duration of the target movement, and the velocities had been 

recalculated from the normalized position-time curves). Besides the total-duration 

error and the duration-profile error, the velocity-profile accuracy served as an addi-

tional measure of dynamic accuracy. 

Data for the 10 reproductions of each trial were averaged separately for the re-

productions with and without visual feedback. The individual means (except for the 

first trial, where seven participants did not produce enough reproductions with the 

correct number of reversals) were entered in the statistical analyses. Two-way 

ANOVAs were run with demonstration condition (visual vs. haptic vs. visual+haptic) 

as between-participant factor and trial and recall condition (visuo-haptic feedback vs. 

haptic feedback) as within-participant factors. Greenhouse-Geisser corrections were 

applied when appropriate, but the uncorrected degrees of freedom are reported to-

gether with the Greenhouse-Geisser epsilon. Effect sizes are given as partial eta-

squared. 
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Results 

Dynamic accuracy  

Total-duration error. The mean total-duration errors are presented in Figure 3 a. The 

three groups did not differ significantly, F(2, 57) = 1.62, p = .21, 2

p�  = .05, even 

though the total-duration error was numerically largest after visual demonstrations. 

There was no difference between the two recall conditions, F(1, 57) = .63, p = .43, 

2

p�  = .01, and performance did not change across trials, F(10, 570) = .95, p = .44, � = 

.43, 2

p�  = .02. When performance during only the last trial was analyzed, a significant 

difference between the three demonstration conditions emerged, F(2, 57) = 4.06, p = 

.02, 2

p�  = .13. A Bonferroni post-hoc-test revealed that only the haptic and the visual 

groups differed significantly (p = .02), whereas there was no difference between 

these groups and the visuo-haptic group.  

Duration-profile error. Regarding the duration-profile error (Figure 3 b), the partici-

pants improved across trials, F(10, 570) = 13.01, p < .01, � = .65, 2

p�  = .19, i.e., the 

profiles of the sub-movement durations became more similar to the target profile. The 

performance of the participants in the visuo-haptic recall condition was superior to 

the performance under the haptic recall condition, resulting in a significant main ef-

fect of the factor recall condition, F(1, 57) = 16.78, p < .01, 2

p�  = .23. Regarding the 

three demonstration conditions, the visuo-haptic group showed somewhat superior 

performance in the early stage of learning. In the first trial this difference was margin-

ally significant, F(2, 57) = 2.83, p = .07, 2

p�  = .09. However, overall the difference 

between groups was not significant, F(2, 57) = 1.14, p = .33, 2

p�  = .04. None of the 

interactions was statistically significant.  
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Fig. 3 Total-duration error (a), duration-profile error (b) and velocity accuracy (c) for the visual (black 

triangle), the haptic (white circle) and the visuo-haptic (grey square) group during visuo-haptic (left) 
and haptic (right) recall. 

Velocity-profile accuracy. The mean correlations between the velocity profiles of the 

reproductions and the target movement are presented in Figure 3 c. The groups dif-

fered significantly in that the participants of the visual group had smaller correlations 

than the participants of the haptic and the visuo-haptic groups, F(2, 57) = 3.90, p = 
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.03, 2

p�  = .12. Furthermore, the improvement across trials was significant, F(10, 570) 

= 7.07, p < .01, � = .57, 2

p�  = .11,  and so was the somewhat better performance in 

the visuo-haptic than in the haptic recall condition, F(1, 57) = 10.81, p < .01, 2

p�  = 

.16. None of the interactions reached statistical significance. 

A more detailed examination of the mean durations of the sub-movements and 

the averaged resultant-velocity profiles helps to understand the different findings for 

the duration-profile error and the velocity-profile accuracy. As can be seen in Figure 4 

a, the differences between the three groups regarding the deviations from the target 

durations varied across the six sub-movements.  

Fig. 4 (a): durations of the six movement-intervals for the target movement (black) and the average 

movements of the visual (white), the haptic (dark grey) and the visuo-haptic (light grey) group during 
the last trial. (b): Target resultant velocity (grey line) and average resultant velocity (black line) for the 
visual (top), the haptic (center) and the visuo-haptic (bottom) group during the last trial. 

In particular during the first two as well as during the fourth sub-movement par-

ticipants with haptic demonstrations were more accurate than participants with visual 

demonstrations. In determining the angle between the vectors with the observed sub-
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movement durations and the target durations each sub-movement has the same 

weight. In contrast, the correlation between the resultant velocities is strongly influ-

enced by the large peaks at the beginning and the end of the movement. As can be 

seen in Figure 4 b, after visual demonstration the velocity modulation at the start of 

the movements deviated more from the target profile than the velocity modulation 

after haptic and visuo-haptic demonstration. Thus, the measures differ in their 

weighting of dynamic accuracy in different segments of the movements.  

Spatial accuracy 

Total-amplitude error. The mean total-amplitude errors are shown in Figure 5 a. Per-

formance differed significantly between groups, F(2, 57) = 3.54, p = .04, 2

p�  = .11. A 

Bonferroni post-hoc-test revealed that only the visual and the haptic conditions dif-

fered significantly (p = .03). Errors were smaller in the visuo-haptic than in the haptic 

recall condition, F(1, 57) = 22.26, p < .01, 2

p�  = .28, and the interaction between re-

call condition and demonstration condition was significant, F(1, 57) = 3.94, p < .02, 

2

p�  = .12. Whereas performance of the visual group was clearly superior to the per-

formance of the visuo-haptic group in the visuo-haptic recall condition, in the haptic 

recall condition the performance became similar to that of the visuo-haptic group. All 

participants improved across trials, F(10, 570) = 7.09, p < .01, � = .45, 2

p�  = .11. The 

recall condition x trial interaction was marginally significant, F(10, 570) = 2.01, p = 

.054, � = .68, 2

p�  = .03. 

Amplitude-profile error. Regarding the amplitude-profile errors (Figure 5 b), the 

ANOVA revealed a significant main effect of the demonstration condition, F(2, 57) = 

5.24, p < .01, 2

p�  = .15. A Bonferroni post-hoc-test showed that only the perform-

ances of the visual and the haptic groups differed significantly (p < .01). After visual 
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demonstration the amplitude-profile errors were smaller than after haptic demonstra-

tion. Furthermore errors declined across trials, F(10, 570) = 17.22, p < .01, � = .44, 

2

p�  = .28.  

Fig. 5 Total-amplitude error (a) and amplitude-profile error (b) for the visual (black triangle), the haptic 

(white circle) and the visuo-haptic (grey square) group during visuo-haptic (left) and haptic (right) re-
call. 

The interaction with demonstration condition just failed to reach statistical signifi-

cance, F(10, 570) = 1.71, p = .09, 2

p�  = .06. Finally, participants performed better in 

the visuo-haptic than in the haptic recall condition, F(1, 57) = 22.42, p < .01, 2

p�  = 

.28. Also the interaction between recall and demonstration condition reached statisti-

cal significance, F(1, 57) = 5.88, p < .01, 2

p�  = .17. Basically the visual demonstration 
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had stronger advantages as compared with haptic demonstration when visual feed-

back was available during recall than without visual feedback. 

Discussion

In this experiment we compared the effects of different demonstration modes on 

the reproduction of a spatio-temporal motor pattern. Similar to the study of Feygin et 

al. (2002), the movement was demonstrated visually, hapticly or visuo-hapticly. It was 

reproduced in two alternating recall conditions, haptic and visuo-haptic. We will first 

discuss the differences between the visual and haptic demonstration groups regard-

ing spatial and dynamic accuracy and thereafter move on to the performance of the 

combined visuo-haptic demonstration group.  

Visual demonstration resulted in superior total-amplitude accuracy as compared 

with haptic demonstration. In addition the amplitude-profiles were more accurate in 

the visual than in the haptic group, i.e., the relative amplitude pattern was more simi-

lar to the target pattern when the movement was demonstrated visually. All groups 

showed learning; their errors declined in the course of practice, but the difference 

between the three demonstration conditions was present from the very start and 

changed little across trials.  

Concerning total-duration error, there was only a tendency that haptic demonstra-

tion resulted in better performance than visual demonstration at the end of practice. 

Thus hapticly trained participants became more accurate in keeping the overall dura-

tion of five seconds. Performance did not change significantly across trials. For the 

duration-profile error, participants improved in the course of practice, but there was 

no difference between the three groups. Finally, the correlation between the velocity 

profiles of the reproductions and the target movement was significantly higher for the 

haptic than for the visual group. This difference mainly arose from the differences in 
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the early part of the movements (see Figure 4). The target movement started with a 

strong acceleration, which was learned more accurately with the haptic than with the 

visual demonstration mode. The correlations increased throughout training which 

indicates learning.  

The combined visual and haptic demonstration did not provide any significant fur-

ther benefit for the spatial and temporal learning. The accuracy of the reproductions 

of this group was generally in-between the performance levels of the visual and the 

haptic group or similar to the superior group. The absence of a general improvement 

by combining visual and haptic demonstration is in accordance with the results of 

Feygin et al. (2002) and Liu et al. (2006). These authors argue that additional haptic 

training does not provide further benefit for the learning of spatial features since vi-

sion is more accurate for spatial characteristics. The same might be true for proprio-

ception, which seems to be more accurate for dynamic movement features. Thus, 

combined training does not provide significant further benefit. The finding that the 

very small benefit of a combined demonstration in comparison to a haptic only train-

ing, if any, is present at a very early stage of learning corresponds in general to the 

finding by Grindlay (2008), who combined haptic and auditory training. However, the 

reasons for this slight and perhaps unreliable advantage are not clear.  

Except for the learning of the total duration of the movement, added visual infor-

mation during recall improved the learning of dynamic and spatial characteristics in 

all three groups. The interactions between recall and demonstration condition regard-

ing the spatial aspects suggest that the visual group profited most from added visual 

feedback during recall. This is in accordance with our assumption that vision during 

recall particularly helps the visually trained participants in that they can reproduce the 

visual pattern on the screen. But different from the study of Feygin et al. (2002), also 

hapticly trained participants benefited from added vision during recall as well. This 
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indicates that visual feedback can provide further information about both, time and 

space, independent of the way the movement was demonstrated to the participants. 

Altogether, the results confirm the hypothesis that visual demonstration is supe-

rior for the learning of spatial movement characteristics, whereas haptic demonstra-

tion is beneficial for the learning of dynamic movement characteristics. These find-

ings are consistent with those of previous studies on motor learning (e.g. Feygin et 

al. 2002; Grindlay 2008; Reinkensmeyer et al. 2007) and with observations on the 

perception and memory of visual, auditory, and haptic information. For example, Ma-

har, MacKenzie, and McNicol (1994) concluded that the senses of hearing and touch 

differ from vision with respect to the specialization for the processing of temporally 

versus spatially ordered patterns. Regarding motor learning in more general terms, 

different effects of different training methods should be related to distinct processes 

of motor control and their neural substrates. From this perspective the present find-

ings are in line with the notion of separate control of spatial and temporal movement 

characteristics, perhaps involving different neural substrates (cf. Georgopoulos 

2002). 

Finally two possible caveats against our conclusion should be mentioned. First, 

the visual and haptic demonstration differed with respect to the plane of motion. In 

the haptic condition the movement was demonstrated in the horizontal plane, 

whereas in the visual condition the movement was demonstrated on the screen, thus 

in the vertical plane. All reproductions were performed in the horizontal plane. How-

ever, it seems highly unlikely that the use of different planes of demonstration and 

reproduction should have facilitated the learning of spatial characteristics, but the use 

of the same plane the learning of temporal characteristics. Second, in this experiment 

as well as in most of the previous studies (e.g. Feygin et al. 2002; Liu et al. 2006; 

Grindlay et al. 2008) only short-term learning was investigated. Thus an important 
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question for further studies is if the different effects of visual and haptic demonstra-

tion on spatial and dynamic performance can still be found after a longer delay, for 

example overnight. 

As a broad implication for movement training, we can maintain that robotic guid-

ance is beneficial for learning those characteristics of a movement that are hard to 

demonstrate visually, and these are dynamic characteristics in particular. This is true 

in the short run, and it may also be true in the long run, though this is not yet estab-

lished. Different from previous observations, the results further suggest that adding 

vision during recall might always lead to further performance improvement, inde-

pendent of the demonstration modality.  
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