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The Eggshell method in a nutshell

ABSTRACT
The Eggshell method was introduced by F. Henrotte as a novel magnetic force computation
method. It allows computation of the force by integrating the magnetic stress tensor over a shell
surrounding the body of interest. We investigate the numerical properties of this method for
current carrying wires, and permanent magnets immersed in two-dimensional stationary
magnetic fields, discretized by first and second order isoparametric triangular finite elements.
We do so by comparing the accuracy of the method, as a function of the mesh size and element
order, with the result of three classical force computation methods: the Lorentz, the Virtual Work
and the Maxwell Stress Tensor method. Our numerical results clearly show that for current
carrying wires the Lorentz method is the method of choice. For permanent magnets (for which
the Lorentz method no longer applies) the isoparametric second order Eggshell method is more
accurate than the Virtual Work or the Maxwell Stress Tensor method. These results make the
Eggshell method attractive for use in more complex problems. The Eggshell method is applied
on second order isoparametric elements. Its implementation is presented in detail as a set of
new MATLAB post-processing routines in the FEMLAB simulation environment.

2000 Mathematics Subject Classification:  65Y20, 78M10
Keywords and Phrases: Finite element method; force computation; magnetostatics; second order isoparametric
discretization; Virtual Work; Maxwell stress tensor.
Note: This research is supported by the Dutch Ministry of Economical Affairs within the project IOP-EMVT 02201.
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hjiVk9l\mDnpoIk=q ð è�ñLö0ö y�z%ò ñ0ò ð è�ñ]öOö}ó/ñLíîì�ôHóLïkð { ñ�ñLíîì&|
~Aõ#�*�I�¤���¢�D�4�9öwª&÷°øSù9úGútö.ù9û�ü�ª��%õÄý=´D��£;�J�®�G�*�S�J�}�.�]�S÷w�D�t�}�%�t�&�������]�w���t�.����´D�J�}�Q�]�����t�¡÷w�&�G�]�þ�J�G¥µ�}�
~L���t��§/�J�p´\�;�Z���D�I�¡�J�¤�D�}�D���I���������]�����t�¡÷w�D�t�}��ÿ��#�;�D�]�����t�}���J�G¥µ�J��¨
nph¡{ ñ�ñ]íîì z�z�» |
ð è�ñ]öOö¤Ô � z�» À ð è�ñ]öOö¤Ô ùLì���ñ0ì�ì z�» À ð è�ñLö0ö¤Ô ÿtì�ò��mëmô {}» | z » Ô Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\ÓGÀ
ð è�ñ]öOö¤Ô � z�qpq ÓGÔ Â�Â�Â\Â�Â\Â�Â�Â\Â�Â\Â�Â�Â\Â ÓtÔ Â\Â�Â�Â\Â�Â\Â�Â�Â\Â�Â\Â�Â�Â ÓGÔ Â�Â\Â�Â�Â\Â�Â\Â�Â�Â\Â�Â\Â�ÂDyµy À

ÌtÍpÎ¤Ì nph�{ ñ�ñLíîì z�z ¿ Â |ð è�ñ]öOö¤Ô � z¬Â À ð è�ñ]öOö¤Ô ùLì���ñ0ì�ì z¬¾ À ð è�ñLö0ö¤Ô ÿtì�ò��mëmô {}»�Ð Â | z ÓtÔ Â\Â�Â\Â�Â�Â\Â�Â\Â�Â�Â\Â�Â\Â À¿ � ð è�ñ]öOö¤Ô � z�qpq ÓGÔ Õ�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó¶ÓtÔ Õ\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó.ÓGÔ Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó y ÀVÔ�Ô�Ô
q ÓGÔ Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó¶ÓtÔ Õ\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\ÓSÓtÔ Õ\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó y À�Ô�Ô�Ô
q ÓGÔ Õ�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó¶ÓtÔ Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\ÓSÓtÔ Õ\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó ypy À

ÌtÍpÎ¤Ì nph�{ ñ�ñLíîì z�z¬Â |ð è�ñ]öOö¤Ô � z ñ�ñLíîì�À ð è�ñ]öOö¤Ô ùLì���ñ0ì�ì z¬¾ À ð è\ñLöOö�Ô ÿtì�ò��mëmô {}»�Ð Â | z ÓGÔ Â�Â\Â�Â\Â�Â�Â\Â�Â\Â�Â�Â\Â�Â À
ð è�ñ]öOö¤Ô � z�qpq ÓGÔ Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�� ÓtÔ »�Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ�� ÓtÔ »�Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ��Dy ÀVÔ�Ô�Ô

q ÓGÔ »¤Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�� ÓGÔ Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�� ÓGÔ »¤Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ��&y À�Ô�Ô�Ô
q ÓGÔ »¤Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�� ÓGÔ »¤Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�� ÓGÔ Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ�Ñ\Ñ�Ñ\Ñ�Ñ��&ypy À

ÌtÍpÎ¤Ì nph\{ ñ�ñLíîì z�z¬Ñ |ð è�ñ]öOö¤Ô � z ñ�ñLíîì�À ð è�ñ]öOö¤Ô ùLì���ñ0ì�ì z%Ï À¾ � ð è�ñ]öOö¤Ô ÿtì�ò���ë[ô {}»\Ð Â | z ÓGÔ » Ó����\Õ »	�DÏ;Â�Ñ Õ�Õ Â�¾�¾ À ð è�ñLö0ö¤Ô ÿtì�ò���ë[ô {�ÏtÐ Ñ | z ÓGÔ ¾�¾�Â\Â�
*» Õ 
 � Ñ���
 Ó »�» À
ð è�ñ]öOö¤Ô � z�qpq ÓGÔ 
t»¤Ñ�
\Ï�� Õ �\¾ � 
 Ó Ï Õ��QÓtÔ Ó�� » Õ ��Ñ\¾t»¤Â Õ�Ó�� ���*» ÓtÔ Ó�� » Õ ��Ñ\¾t»¤Â Õ�Ó�� ���*»�y ÀVÔ�Ô�Ô

q ÓGÔ Ó�� » Õ �\Ñ�¾*»¤Â Õ\Ó�� ���t» ÓGÔ 
t»�Ñ�
\Ï�� Õ ��¾ � 
 Ó Ï Õ��QÓGÔ Ó�� » Õ �\Ñ�¾*»¤Â Õ\Ó�� ���t»Jy À�Ô�Ô�Ô
q ÓGÔ Ó�� » Õ �\Ñ�¾*»¤Â Õ\Ó�� ���t» ÓGÔ Ó�� » Õ �\Ñ�¾*»¤Â Õ\Ó�� ���t» ÓGÔ 
t»�Ñ�
\Ï�� Õ ��¾ � 
 Ó Ï Õ�� y À�Ô�Ô�Ô
q ÓGÔ » Ó 
t» Ó Â Ó »	
t»�Ñ�
 Ó � Ó.ÓGÔ Ï�Ï Õ�� Ï�
\Ï �\Ó�� » Õ�� Ñ Õ.ÓGÔ Ï�Ï Õ�� Ï�
\Ï �\Ó�� » Õ�� Ñ Õ y À�Ô�Ô�Ô
q ÓGÔ Ï�Ï Õ�� Ï�
\Ï �\Ó�� » Õ�� Ñ Õ.ÓGÔ » Ó 
t» Ó Â Ó »	
t»�Ñ�
 Ó � Ó.ÓGÔ Ï�Ï Õ�� Ï�
\Ï �\Ó�� » Õ�� Ñ Õ y À�Ô�Ô�Ô
q ÓGÔ Ï�Ï Õ�� Ï�
\Ï �\Ó�� » Õ�� Ñ Õ.ÓGÔ Ï�Ï Õ�� Ï�
\Ï �\Ó�� » Õ�� Ñ Õ.ÓGÔ » Ó 
t» Ó Â Ó »	
t»�Ñ�
 Ó � Ó ypy À

ÌtÍpÎ¤Ì nph\{ ñ�ñLíîì z�z�� |ð è�ñ]öOö¤Ô � z ñ�ñLíîì�À ð è�ñ]öOö¤Ô ùLì���ñ0ì�ì z ÕtÀ ð è\ñLöOö�Ô ÿtì�ò��mëmô {}» | z ÓtÔ ¾\¾ Õ\Ó�Ó�Ó\Ó�Ó\Ó�Ó�Ó\Ó�Ó\Ó�ÓGÀ
ð è�ñ]öOö¤Ô ÿtì�ò���ë[ô {?¾*Ð Ï | z ÓGÔ »¤¾ Õ�� Â � »�
 Ó�Õ Ï�Ï�
�¾�� À ð è�ñLö0ö¤Ô ÿtì�ò���ë[ô { Õ Ð � | z ÓGÔ »¤Â�¾\Â � ÏG» Õ ¾���
�
 Õ\Ó Ñ À52� ð è�ñ]öOö¤Ô � z�qpq ÓGÔ Â�Â�Â\Â�Â\Â�Â�Â\Â�Â\Â�Â�Â\Â�Â ÓtÔ Â\Â�Â�Â\Â�Â\Â�Â�Â\Â�Â\Â�Â�Â\Â ÓtÔ Â\Â�Â�Â\Â�Â\Â�Â�Â\Â�Â\Â�Â�Â\ÂDy ÀVÔ�Ô�Ô

q ÓGÔ � � �\Ï;¾\Ñ � 
 Õ Â Õ Â Ó 
�� ÓGÔ » Ó »¤¾�
\Ñ Õ\Ó ��Â\¾�ÂDÏ Õ Ñ ÓGÔ » Ó »¤¾�
\Ñ Õ\Ó ��Â\¾�ÂDÏ Õ Ñ&y À�Ô�Ô�Ô
q ÓGÔ » Ó »¤¾�
\Ñ Õ\Ó ��Â\¾�ÂDÏ Õ Ñ ÓGÔ � � �\Ï;¾\Ñ � 
 Õ Â Õ Â Ó 
�� ÓGÔ » Ó »¤¾�
\Ñ Õ\Ó ��Â\¾�ÂDÏ Õ Ñ&y À�Ô�Ô�Ô
q ÓGÔ » Ó »¤¾�
\Ñ Õ\Ó ��Â\¾�ÂDÏ Õ Ñ ÓGÔ » Ó »¤¾�
\Ñ Õ\Ó ��Â\¾�ÂDÏ Õ Ñ ÓGÔ � � �\Ï;¾\Ñ � 
 Õ Â Õ Â Ó 
��&y À�Ô�Ô�Ô
q ÓGÔ Ó�Õ�� �t» Õ 
��t»	��
 � ��� Ó.ÓGÔ Ï�� Ó »�Ï�¾ Ó Ñ\ÏG» Ó�Õ »�» Õ.ÓGÔ Ï�� Ó »�Ï�¾ Ó Ñ\ÏG» Ó�Õ »�» Õ y À�Ô�Ô�Ô
q ÓGÔ Ï�� Ó »�Ï�¾ Ó Ñ\ÏG» Ó�Õ »�» Õ.ÓGÔ Ó�Õ�� �t» Õ 
��t»	��
 � ��� Ó.ÓGÔ Ï�� Ó »�Ï�¾ Ó Ñ\ÏG» Ó�Õ »�» Õ y À�Ô�Ô�Ô
q ÓGÔ Ï�� Ó »�Ï�¾ Ó Ñ\ÏG» Ó�Õ »�» Õ.ÓGÔ Ï�� Ó »�Ï�¾ Ó Ñ\ÏG» Ó�Õ »�» Õ.ÓGÔ Ó�Õ�� �t» Õ 
��t»	��
 � ��� Ó ypy À

Ì k9Ø
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hjiVk9l\mDnpoIk�q ô�ómôOì��mñ0è�í yZz ôHó[ôOì���ñ0èmí�
�íîì�õ
ì�ómô {jð è\ñLöOö s u ð6ùLì s òîóLùLì v�s ð�ñ0ùLì�ñ s �\s ��� |JÀ
~Aª��.��ü¬÷°öwø%û�ü�ûVü��¡ü��¶� �}�D���G�G���������t��ÅZ±¤��¦�Ç&³��}�D���t�&�9�J�����Q�����Z�*�.�¢���¢��¥*���D�]���Q�D� ���]���t´�¥ �¶��¥µ�}�S�J���
~ä´&��£��J� �J¦`�Z���.�}�&�J¦��J�J�����J�¢�¶�}�&�D�}�&���I�����J���]�����t�¶�}�&�t�I���D�J¦`�I�&���J�þ�������t�.�D�J�]�D¦��G¨
q rts u/vIs uwx�yZz¬u/vtu/x�{?u ð6ù]ì s ð�ñ0ùLì�ñ}|JÀ
� z�ð è\ñLöOö�Ô �*ÀFÿtì�ò���ë[ô z�ð è�ñLö0ö¤Ô ÿtì�ò��mëmô¤À�� z�ð è\ñLöOö�Ô ��Àê[ôOñ0ì�öOö z�� ðmõ
útñ6ôOì7ê[ôOñ0ì�ö0ö {��\s � � s u/vIs uwx |JÀ¿ � nph¡{ ð�ñ0ùLì�ñ z�z�» |
~Aõ9�D�������J�%�&�}���J�Q���t���%±��D�I�S�%¦�£\��¥ ���J���J�&� �}�.�}�D���G�G�?�]�¡�D���J�]�¤�Z¥ ¦D�Ä�]���I�J�Q���t�Q�*�;�J�;�J�¢�D���;�D�J�®�I���^���j�t�J�I�¡�&�������� 
h�o"!�#&z�»�Ð Â
u/v È # Ê z¬uwv È # Ê%$ {?¾;ÒDr |JÀ uwx È # Ê z¬uwx È # Ê�$ {?¾�ÒDr |JÀ

Ì k9Øð ñ0èmù]òîì�ó[ô z�q ÓGÀ Ó y À
h�o"!�#&z òîóLùLì v
~�÷°�]�;�D���J���¢«%���t� Å?�D£;�}�'&�Ç����)(��D��Å &�Ç}ÃI�D±��D��Å &?Ç]ÃI�D¦+*�,¤�
ð ñ0èmùLòîì�ómô z�ð ñ0è�ùLòîì�ómô�Ö q uwv È # Ê�À uwx È # Ê y À

Ì k9Ø¾ � ~7�]�*�G�"«îú#���J�J�}�`¯@÷°�]�;�D���J���
hjiVk.- z q ùLð�ñL÷]íîì { ê[ôOñ0ì�ö0ö¤Ô þ ½�½ | Ò`ð ñ0è�ùLòîì�ómô {}» |�ÖQùLð�ñL÷]íîì { ê[ôOñ0ì�ö0ö¤Ô þ ½&¼ | Ò�ð ñ0èmùLòîì�ó[ô {?¾ |JÀµÔJÔ�ÔùLð\ñL÷Líîì { ê[ôOñ0ì�öOö¤Ô þ ¼�½ | Ò�ð ñ0èmùLòîì�ó[ô {}» |�ÖÂùLð\ñL÷Líîì { ê[ôOñ0ì�öOö¤Ô þ ¼\¼ | Ò`ð ñ0è�ùLòîì�ómô {?¾ | y À
ô�ómôOì��mñ0è�í z¬r*Ò¤hjiVk.- À/~A§/�J�p´\�;�^«@­

ÌtÍpÎ¤Ìô�ómôOì��mñ0è�í z�q ÓGÀ Ó y À
h�o"! õ z�»�Ð �
ð ñ0èmùLòîì�ómô z�q ÓtÀ Ó y À r õ z¬r�{ � { õ s »�Ð Â |�|JÀ
h�o/!)#&z òîóLù]ì v
~ ÷°�]�;�D���J���¢«%���t� Å?�&£;�J�0&?Ç����)(��D��Å &�Ç}ÃI�D±��D��Å &?Ç]ÃI�D¦+*�,¤�1�J£\��¥ �#�����]�S����� ���� 52� ð ñ0è�ùLòîì�ómô z�ð ñ0èmù]òîì�ó[ô�Ö q u/v È # Ê { � { õ sµÐ |�|JÀ u/x È # Ê { � { õ sµÐ |�| y $ {?¾�ÒDr õ¶|JÀ

Ì k9Ø
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hjiVk.- z q ê[ôOñ0ì�öOö¤Ô þ ½\½D{ � { õ sµÐ |�| Ò`ð ñ0èmù]òîì�ó[ô {}» |�Ö�ê[ôOñ0ì�öOö¤Ô þ ½¤¼;{ � { õ sµÐ |�| Ò`ð ñ0èmùLòîì�ómô {?¾ |JÀ Ô�Ô�Ôê[ôOñ0ì�öOö�Ô þ ¼*½D{ � { õ s Ð |�| Ò`ð ñ0è�ùLòîì�ómô {}» |�Ö%ê[ôOñ0ì�öOö�Ô þ ¼�¼;{ � { õ s Ð |�| Ò`ð ñ0èmù]òîì�ó[ô {?¾ | y $ {�Ï*ÒDr õ ¹ |JÀ
ôHó[ôOì���ñ0èmí z ô�ómôOì��mñ0è�í°ÖQÿtì�ò���ë[ô { õ.| ÒDr õ Ò&hjiVk.- À
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