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�Q���0�H�H�W���D�Q�G���Q�H�W�Z�R�U�N���Z�L�W�K���S�H�H�U�V���Z�K�R���K�D�Y�H���V�L�P�L�O�D�U���J�R�D�O�V���D�Q�G���L�Q�W�H�U�H�V�W�V

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

�7�H�F�K�Q�L�F�D�O���3�U�H�V�H�Q�W�D�W�L�R�Q���/�D�E�V

�Q���&�U�H�D�W�H���D���S�U�R�I�H�V�V�L�R�Q�D�O���V�F�L�H�Q�W�L�¿�F���S�R�V�W�H�U���R�I���W�K�H�L�U���U�H�V�H�D�U�F�K

�Q���: �U�L�W�H���D�Q�G���S�X�E�O�L�V�K���D���U�H�V�H�D�U�F�K���D�E�V�W�U�D�F�W

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

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

�7�K�L�V���\�H�D�U�����������X�Q�G�H�U�J�U�D�G�X�D�W�H���V�W�X�G�H�Q�W�V���Z�H�U�H���V�H�O�H�F�W�H�G���W�R���M�R�L�Q���W�K�H�������������6�8�5�3��

�F�R�K�R�U�W�����,���Z�R�X�O�G���O�L�N�H���W�R���F�R�Q�J�U�D�W�X�O�D�W�H���W�K�L�V���6�8�5�3���F�O�D�V�V���R�Q���F�R�P�S�O�H�W�L�R�Q���R�I���W�K�H�L�U���D�P�D�]�L�Q�J��

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

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

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

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

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

�N�Q�R�Z�O�H�G�J�H���W�K�D�W���L�V���E�H�L�Q�J���F�U�H�D�W�H�G���K�H�U�H���D�W���W�K�H���8�&�/�$���6�D�P�X�H�O�L���6�F�K�R�R�O���R�I���(�Q�J�L�Q�H�H�U�L�Q�J��

�6�L�Q�F�H�U�H�O�\��

�-�D�\�D�W�K�L���0�X�U�W�K�\$

!"#$%&'$#&'($%)*+)',-.$*'/)$#

�'�
(�

$
�1

�¶
�6

��
�0

�(
�6

�6
�$

�*
�(



�,�P�S�O�H�P�H�Q�W�L�Q�J���.�L�Q�H�P�D�W�L�F���3�U�H�G�L�F�W�L�R�Q���Y�L�D
�3�K�\�V�L�F�V���*�X�L�G�H�G���1�H�X�U�D�O���1�H�W�Z�R�U�N�V

�'�D�W�D�V�H�W

�3�K�\�V�L�F�V���%�D�V�H�G���0�R�G�H�O

�3�U�H�O�L�P�L�Q�D�U�\���5�H�V�X�O�W�V

�8�V�L�Q�J���3�K�\�V�L�F�V���%�D�V�H�G���0�D�F�K�L�Q�H��
�/�H�D�U�Q�L�Q�J���W�R���7�U�D�F�N���2�E�M�H�F�W�V

�3�K�\�V�L�F�V���J�X�L�G�H�G�� �Q�H�X�U�D�O�� �Q�H�W�Z�R�U�N�V�� ���3�*�1�1�V���� �D�U�H�� �F�U�X�F�L�D�O��
�I�R�U�� �P�R�G�H�O�L�Q�J�� �U�H�V�L�V�W�L�Y�H�� �E�H�K�D�Y�L�R�U�V�� �L�Q�� �U�H�D�O�� �O�L�I�H�� �V�F�H�Q�D�U�L�R�V��
�U�D�Q�J�L�Q�J���I�U�R�P���Y�H�K�L�F�O�H���W�U�D�F�N�L�Q�J���W�R���D�H�U�L�D�O���W�U�D�M�H�F�W�R�U�L�H�V�����,�Q��
�S�U�L�R�U�� �S�D�S�H�U�V���� �E�R�X�Q�G�L�Q�J�� �E�R�[�� �F�R�Q�V�W�U�X�F�W�L�R�Q�� �I�R�U�� �Y�L�G�H�R�V��
�Z�R�X�O�G�� �H�Q�W�D�L�O�� �F�R�Q�V�W�U�X�F�W�L�R�Q�� �I�R�U�� �H�Y�H�U�\�� �L�Q�G�L�Y�L�G�X�D�O�� �I�U�D�P�H����
�K�L�Q�G�H�U�L�Q�J�� �S�U�R�J�U�H�V�V�� �L�Q�� �W�H�U�P�V�� �R�I�� �V�S�H�H�G�� �Z�L�W�K�R�X�W��
�V�L�J�Q�L�¿�F�D�Q�W�� �F�R�P�S�X�W�D�W�L�R�Q�D�O�� �S�R�Z�H�U���� �7�K�L�V�� �S�D�S�H�U�� �D�L�P�V�� �W�R��
�E�U�L�G�J�H�� �W�K�H�� �G�L�Y�L�G�H�� �E�H�W�Z�H�H�Q�� �L�P�D�J�H�� �D�Q�G�� �Y�L�G�H�R�� �R�E�M�H�F�W��
�G�H�W�H�F�W�L�R�Q���� �X�W�L�O�L�]�L�Q�J�� �N�L�Q�H�P�D�W�L�F�� �S�U�L�R�U�V�� �W�R�� �S�U�H�G�L�F�W�� �W�K�H��
�P�R�W�L�R�Q�� �R�I�� �V�X�E�M�H�F�W�V�� �Y�L�D�� �W�K�H�� �L�Q�F�R�U�S�R�U�D�W�L�R�Q�� �R�I�� �D�ü�Q�H��
�W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�V�� �D�Q�G�� �S�H�U�V�S�H�F�W�L�Y�H�� �F�R�Q�V�L�G�H�U�D�W�L�R�Q��
���K�R�U�L�]�R�Q���� �V�L�G�H���W�R���V�L�G�H���� �R�Y�H�U�K�H�D�G���� �H�W�F�������� �$�S�S�U�R�D�F�K�H�V��
�E�D�V�H�G�� �R�Q�� �R�S�W�L�F�D�O�� �À�R�Z�� �D�O�J�R�U�L�W�K�P�V�� �D�Q�G�� �W�X�E�H�O�H�W��
�D�U�F�K�L�W�H�F�W�X�U�H�V�� �D�U�H�� �F�R�Q�V�L�G�H�U�H�G�� �D�Q�G�� �E�O�H�Q�G�H�G�� �Z�L�W�K��
�S�K�\�V�L�F�D�O�� �P�R�G�X�O�H�V�� �W�R�� �K�D�U�Q�H�V�V�� �V�S�D�W�L�R�W�H�P�S�R�U�D�O��
�F�R�K�H�U�H�Q�F�H���D�P�R�Q�J���L�Q�G�L�Y�L�G�X�D�O���I�U�D�P�H�V�����3�\�7�R�U�F�K�����������D�F�W�V��
�D�V���W�K�H���I�U�D�P�H�Z�R�U�N���I�R�U���F�R�G�H���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���D�O�O���F�R�G�H��
�L�V�� �H�[�S�H�F�W�H�G�� �W�R�� �E�H�� �R�S�H�Q���V�R�X�U�F�H�� �I�R�U�� �I�X�W�X�U�H��
�G�H�Y�H�O�R�S�P�H�Q�W��

�5�H�J�L�R�Q�D�O���&�R�Q�Y�R�O�X�W�L�R�Q�D�O��
�1�H�X�U�D�O���1�H�W�Z�R�U�N�V

�)�X�W�X�U�H���3�O�D�Q�V

�5�H�I�H�U�H�Q�F�H�V

�)�L�J�X�U�H�� �������� �,�P�S�U�R�Y�H�P�H�Q�W�V�� �V�X�F�K�� �D�V��
�F�O�H�D�U�H�U�� �D�Q�Q�R�W�D�W�L�R�Q�V�� �D�Q�G�� �E�R�X�Q�G�L�Q�J�� �E�R�[��
�U�H�S�U�H�V�H�Q�W�D�W�L�R�Q�V���Z�H�U�H���P�D�G�H���R�Q���D���)�D�V�W�H�U��
�5���&�1�1�� �I�U�D�P�H�Z�R�U�N�� �Z�L�W�K�� ������ �G�L�I�I�H�U�H�Q�W��
�F�O�D�V�V�L�I�L�F�D�W�L�R�Q�V�� �R�I�� �R�E�M�H�F�W�V���� �7�K�H�� �S�K�\�V�L�F�V��
�P�R�G�H�O�� �U�H�V�X�O�W�H�G�� �I�U�R�P�� �W�K�L�V�� �I�U�D�P�H�Z�R�U�N�� �R�I��
�)�D�V�W�H�U���5���&�1�1��

�$�S�S�O�L�F�D�W�L�R�Q�V�� �R�I�� �S�K�\�V�L�F�V���E�D�V�H�G�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �R�Q�� �W�K�H��
�)�D�V�W�H�U�� �5���&�1�1�� �I�U�D�P�H�Z�R�U�N�� �Z�H�U�H�� �W�H�V�W�H�G�� �R�Q�� �D��
�V�H�O�I���P�D�G�H�� �G�D�W�D�V�H�W���R�I�� �Y�L�G�H�R�V�� �W�K�D�W���F�D�S�W�X�U�H�G�� �R�S�W�L�P�D�O��
�V�F�H�Q�D�U�L�R�V���� �L�Q�F�O�X�G�L�Q�J�� �G�U�R�S�V���� �W�R�V�V�H�V���� �D�Q�G�� �R�E�M�H�F�W��
�V�O�L�G�L�Q�J���R�Q���V�X�U�I�D�F�H�V���W�R���P�R�G�H�O���W�K�H���H�I�I�H�F�W�V���R�I���J�U�D�Y�L�W�\����
�U�H�V�L�V�W�D�Q�F�H���� �D�Q�G�� �R�E�M�H�F�W�� �P�R�W�L�R�Q���� �7�K�H�� �D�G�G�H�G��
�F�R�P�S�O�H�[�L�W�\�� �R�I�� �R�E�M�H�F�W�� �R�F�F�O�X�V�L�R�Q�� �Z�D�V�� �F�D�S�W�X�U�H�G�� �I�R�U��
�W�K�H�� �S�X�U�S�R�V�H�� �R�I�� �P�R�G�H�O�L�Q�J�� �U�H�D�O�L�V�W�L�F�� �G�L�I�I�L�F�X�O�W�L�H�V�� �L�Q��
�R�E�M�H�F�W���G�H�W�H�F�W�L�R�Q���D�Q�G���P�R�W�L�R�Q���S�U�H�G�L�F�W�L�R�Q��

�6�D�K�D�����6�X�P�L�W�����$���&�R�P�S�U�H�K�H�Q�V�L�Y�H���*�X�L�G�H���W�R���&�R�Q�Y�R�O�X�W�L�R�Q�D�O��
�1�H�X�U�D�O���1�H�W�Z�R�U�N�V���²���W�K�H���(�/�,�����:�D�\�����7�R�Z�D�U�G�V���'�D�W�D��
�6�F�L�H�Q�F�H������������������

�/�H�L�����)�����)�����H�W���D�O�����'�H�W�H�F�W�L�R�Q���D�Q�G���6�H�J�P�H�Q�W�D�W�L�R�Q�����6�W�D�Q�I�R�U�G��
�8�Q�L�Y�H�U�V�L�W�\������������������

�*�L�U�V�K�L�F�N�����5�����)�D�V�W���5���&�1�1�����&�R�5�5��������������������������������������

�*�L�U�V�K�L�F�N�����5�������H�W���D�O�����5�L�F�K���I�H�D�W�X�U�H���K�L�H�U�D�U�F�K�L�H�V���I�R�U���D�F�F�X�U�D�W�H��
�R�E�M�H�F�W���G�H�W�H�F�W�L�R�Q���D�Q�G���V�H�P�D�Q�W�L�F���V�H�J�P�H�Q�W�D�W�L�R�Q�����&�R�5�5��
����������������������������������

�5�H�Q�����6�������H�W���D�O�����)�D�V�W�H�U���5���&�1�1�����7�R�Z�D�U�G�V���5�H�D�O���7�L�P�H���2�E�M�H�F�W��
�'�H�W�H�F�W�L�R�Q���Z�L�W�K���5�H�J�L�R�Q���3�U�R�S�R�V�D�O���1�H�W�Z�R�U�N�V�����&�R�5�5��
������������������������������������

�5�H�G�P�R�Q�����-�������H�W���D�O�����<�R�X���2�Q�O�\���/�R�R�N���2�Q�F�H�����8�Q�L�I�L�H�G����
�5�H�D�O���7�L�P�H���2�E�M�H�F�W���'�H�W�H�F�W�L�R�Q�����&�R�5�5��������������������������������������

�$�S�S�O�L�F�D�W�L�R�Q�V����

�6�H�O�I���'�U�L�Y�L�Q�J �'�H�I�H�Q�V�H���,�Q�G�X�V�W�U�\

�$�X�W�R�Q�R�P�R�X�V���'�U�R�Q�H�V �0�R�Y�H�P�H�Q�W���3�U�H�G�L�F�W�L�R�Q

�7�K�H�� �S�U�R�S�R�V�H�G�� �S�K�\�V�L�F�V�� �P�R�G�H�O�� �S�H�U�I�R�U�P�V�� �Z�L�W�K�� �K�L�J�K��
�F�R�Q�I�L�G�H�Q�F�H�� �Y�D�O�X�H�V�� �L�Q�� �W�K�H�� �L�G�H�D�O�� �V�F�H�Q�D�U�L�R�V�� �F�U�H�D�W�H�G��
�Z�L�W�K�L�Q�� �W�K�H�� �G�D�W�D�V�H�W���� �(�[�S�H�F�W�D�W�L�R�Q�V�� �I�R�U�� �I�X�W�X�U�H��
�L�P�S�U�R�Y�H�P�H�Q�W�V�� �L�Q�F�O�X�G�H�� �K�L�J�K�H�U�� �H�I�I�L�F�L�H�Q�F�\�� �U�D�W�H�V����
�I�D�V�W�H�U�� �S�U�R�F�H�V�V�L�Q�J�� �U�D�W�H�V���� �J�U�H�D�W�H�U�� �D�F�F�X�U�D�F�\��
�E�H�W�Z�H�H�Q�� �P�X�O�W�L�S�O�H�� �R�E�M�H�F�W�V���� �D�Q�G�� �P�R�U�H�� �D�F�F�X�U�D�W�H��
�S�U�H�G�L�F�W�L�R�Q�V�� �I�R�U�� �D�F�F�R�X�Q�W�H�G�� �F�R�P�S�O�H�[�L�W�L�H�V�� �V�X�F�K�� �D�V��
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60 Hz Notch filter

Motivation

Design of Flexible, Wireless Surface 
Electromyography System 
M. Molter, A. Alam,  and S. S. Iyer (UCLA CHIPS)

��

�� According to the CDC Musculardystrophyeffects 1 in 7250
males

�� Surface Electromyography(EMG) measures the electrical
activity of musclesfor diagnoses of muscular disorders

�� Existing Surface Electromyographysystemsare bulky, non-
flexible, and heavy making them difficultto use

�� FlexTrateTM is a flexible electronic platformbasedon FanOut
Wafer Level Packaging allowing integration of high
performance dies

�� FlexTrateTM is an idealplatform for a complete flexible and
lightweight EMG system due to flexibility and ability to
integrate many high performance dies

Cross Correlation of a sinusoid from a signal generatorwasrecordedsimultaneouslyfrom an
oscilloscope and our Bluetooth controllerat 10 Hz and 500Hz. High correlationcoefficientsof
0.9923 and 0.9545werecalculatedfrom cross correlation of both signals sources.

Cross Correlation 2

Filtering  Process

Verification of Wireless Communication

System Design

Signal Post Processing

Conclusions/Future and Ongoing Work
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A comparison ofEMG signals gathered
simultaneously from an oscilloscope
and Bluetooth controller.We can see
that theEMG signals arevisually the
samefrom both.
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Traditional Surface 
Electromyography 

FlexTrateTM Surface 
EMG Electrodes Bent 

and Rolled

The pre and post processed signals
FilteredEMG signalcanbeseenin the
figure to the right.

In the close up view, we can seethe
pre-processed signalis subject to a
largepowerline noise. Removing noise
allows us to clearly see muscle
activation signals that are notvisible
before.

Surface EMG on FlexTrateTM Layout

In the figure below,we seethe simple layout andsize
EMG system. Total systemthicknesswill be lessthan 1
mm andweighapproximately 10 g.
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Verification of Wireless Communication Cont.

Demonstrated the beginningsteps towards a fully flexible,
wireless,and lightweight surfaceEMG systemincluding:

�� Flexibleelectrodes
�� RobustWirelesssystemcapableof recordingEMG
�� Designof controlelectronics

Full System integration onto FlexTrateTM including the
Bluetooth controller and controlelectronics.

Frequency Response of Bandpass 
Filter 

Frequency Response of 60 Hz Notch 
Filter
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SurfaceEMG signalshave onlybeen recordedin the range of 5 Ð 500Hz allowing filtering outside
those ranges. Filtering allows removals of DC and low frequency noises associatedwith wire
movement below 5Hz andhigh frequencynoisesabove 300Hz.

The control electronicsamplify
the EMG signal from microvolts
to a voltage readable by the
BluetoothADC.
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well as the UCLA engineering andSURPfor
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research.
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The Nordic 52840 BLE chip
sends datawirelessly tocentral
computer
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Millimeter-Scale ElectroplatedMultilayer Magnetic Shielding
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Motivation Magnetic Shielding Mechanism

External 
magnetic 
field

External 
field 

magnetizes 
material

Multilayer Shielding Design

�� Magnetization of  a region opposes 
magnetization of  neighboring regions

�� By removing a layer of  magnetic material, the 
neighboring regions reach higher 
magnetization

�� A multilayer shield can better oppose external 
magnetic fields

Magneticfield of red region opposes
magnetization of blue regions

�� We apply a known magnetic field to a magnetometer 
using an electromagnet

�� Measure the magnetic field using a magnetometer 
inside the magnetic shield

�� Calculated shielding factor defined as � � � �
�� ����������������

�� ����������������

�� Devices like atomic clocks and sensorsrequiremagnetic shielding
becauseof sensitivity to external magnetic fields

�� Using high magnetic permeabilitymaterials,magnetic shields can
createprotectedregions oflow magneticfield

�� Current machining methodsarelimited tolargerscales
�� We use electroplating to fabricate more compact and efficient

magnetic shields
�� Successfulimplementationof chip-scale magnetic shields canlead

to newinnovations likeGPS-freelocationtracking
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Printed circuit board with magnetometer for measuring
magneticfield

Cross sectionalviewsof a simulated cylindrical shield insidea uniform
externalmagneticfield
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Experimental Results

�� Magnetization in a 
material follows a 
nonlinear curve and 
maximizes at 
saturation

Simulationof magneticflux density ina multilayer cylindrical shield

Internal magneticfield plottedagainst
externalmagneticfield
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COMSOL Physics Simulation

We demonstrate the magnetic shielding effect in COMSOL
Multiphysics simulations, showing that the magneticfield is
concentrated within the shieldÕs material and redirected around
the region enclosedbythe cylinder.
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Fields from magnetization andexternal magneticfield
cancelout nearthe material

Jackson, 1998

Fabrication

Measurement Procedure

Illustration of shieldingeffect

Results Analysis Future Work

�� Electroplate magnetic shield 
directly onto devices

�� Conserves space and improves 
shielding factor

�� Shielding factor greatly dependent on
geometry of the shield

�� From MaxwellÕs equations, the
magneticfield around the surfaces of
the magnetic material satisfies the
boundary conditionsateverysurface:

�� Using electroplating to generate the
shields, it is possible to create shields
of more complex geometries not
achievable with traditional machining
methods

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

Sulfate solution
copper sulfate for plating

copper layers; iron sulfate and 
nickel sulfate for depositing 

permalloy layers

Anode Cathode

The 
positively 

charged ions 
are attracted 

to the 
cathode

The ions 
deposit the 
metal on the 

cathode

The 
negatively 
charged 

sulfate ions 
are attracted 
to the anode

Anode reacts 
with sulfate 

to form 
copper, 

nickel, or 
iron sulfate

�� We use electroplating to deposit thin, even 
layers onto a cylindrical wax mold

�� After electroplating, the wax mold is dissolved 
in xylene, leaving just the metal shell

+    -

Chip-scale atomicclock
NIST, 2018

Internal magneticflux densityand shielding factor plottedagainstexternalmagnetic
flux density

From our experiments, the shield
is most effectiveat in weaker
magnetic fields. The performance
of the shield decreasesas the
magnetic field gets stronger
becausethe magnetic material in
the shield approaches saturation,
and its abilityto cancel magnetic
fieldsreachesamaximum.

In comparison with current
methods of magnetic shielding,
our cylindrical shield is more
effective at protecting regions
from magnetic fields. For
weaker magnetic fields,we
recorded shielding factors
higher than400, while a flat
sheet of similarly high
permeability metal,as those
found in current methods of
magnetic shielding, could not
achieveashielding factor higher
than1.2.

x, y, and z components of internal magneticfields
within the protected regions of the plate and
cylindershapedshields

Shieldingfactormeasurementsetup
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Shield Design
Test Setup Fabrication

Results & Discussion

�� External magnetic field generated by electromagnet with 
current outputted by function generator 

�� Magnetic flux density inside (Bint) and outside (Bext) the 
shield measured by printed circuit board with 
magnetometer mounted at its tip

�� We perform 2 trials: one increasing the magnetic field 
without the shield (Bext) and another with the shield (Bint)

�� Shielding Factor: S = Bext/B int

Top View

�� Concentric cylinders of  alternating high permeability and low 
permeability material

�� Magnitude of  external magnetic field decreases each successive 
layer with max shielding in the center

�� Alternating material prevents adjacent layers of  ferromagnetic 
material from demagnetizing each other

�� Having multiple layers mitigates effects of  saturation
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�� Devices that rely on atomic spectroscopy 
(atomic clocks, NMR gyroscopes, etc.) 
are sensitive to external magnetic fields

�� In order to miniaturize these devices 
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�� Shields created from high permeability ferromagnetic material
�� When an external magnetic field (Bext) is applied, the previously 

randomly ordered dipoles align in the direction of  the applied 
field, generating an opposing magnetic field 

�� These fields cancel, redirecting Bext away from the device 
enclosed in the shield
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magnetize further, decreasing effectiveness of  shielding
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Figure 1: Chip-scale atomic clock[2].
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Figure 2: Depiction of  DC magnetic shielding process.

Figure 3: Visualization of  multilayered cylindrical shield design. Figure 4: Picture of  test setup.

COMSOL Simulations for Multilayer Cylinder
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Figure 6: Visualizes longitudinal and transverse views of  the cylinder and the resulting 
magnetic field norm. Illustrates the effectiveness of  this design, as the magnetic field 
norm drastically decreases within the cylinder. 

Figure 7: Comparison between 
multilayer and single layer 
cylindrical shields of  same 
material, dimensions, and 
thickness in order to access the 
effectiveness of  multilayered 
shielding. Charts depict 
magnetic field norm in a line 
through the center of  the 
cylinder in the direction of  the 
applied magnetic field.  The 
results prove that multilayer 
designs are more effective than 
single layer designs before 
saturation, as shielding factor 
for the multilayer shield is 
considerably larger for cylinders 
of  the same dimensions, 
material, and external magnetic 
field.

Single Layer

H int �� 1.2

Figure 8: Results collected 
from our test setup for 
cylindrical and metal plate 
shield designs.

�� Cylindrical shield: alternating 
permalloy and copper layers

�� Metal plate shield: single 
permendur layer

Plate vs. Cylinder  Mapping
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�� Electroplate alternating layers of  permalloy and copper 
onto cylindrical wax mold and then dissolve wax in xylene 
solution

�� To electroplate permalloy, use nickel and iron as anode 
instead of  copper

Figure 5: Visual representation of  electroplating process.
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�� Our simulation and test setup results imply that our multilayer, cylindrical design provides more 
optimal shielding than the commonly used plate design

�� COMSOL simulations confirmed that alternating layers of  high and low permeability 
material produced a higher shielding factor than a single layer of  the same thickness, 
inner radius, and material 

�� By applying different magnetic fields and measuring Bint and Bext, we found that our 
cylindrical design had higher shielding factors overall and that Bint increased at a much 
slower rate when increasing Bext compared to the plate design

�� In the future, we plan on testing and fabricating more shields of  different geometries and 
examining the possibility of  electroplating metal directly onto devices

Bext

Field 
Cancellation

Field 
Cancellation

Ferromagnetic 
Material

Dipoles oriented randomly Material magnetizes and 
dipoles align

Figure 9: Graphs of  magnetic flux density (in x, y, z directions) relative 
to position on cylindrical and metal plate shields.

Figure 9: Magnetometer with directions of  x, y, and z for both the 
magnetic flux density and coordinates used for mapping.
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�� Cylindrical design 
observed to have higher 
shielding factors overall

�� Shielding factors appear 
to decrease as materials 
approach saturation

�� Metal plate Bint seems to 
have linear relationship 
with Bext, while cylinder 
continues to shield with 
decreasing effectiveness as 
it approaches saturation

�� Bint of  permendur plate 
seems to increase at a 
similar rate to Bext, while 
for the cylinder, the rate 
Bint increases is much less 
than that of  Bext
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