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ABSTRACT 

,Q� WKLV� SDSHU�� ZH� LQWURGXFH� DQ� RUDO� PRWLRQ�SRZHUHG�
6PDUW�7RRWK�V\VWHP�WKDW�FDQ�PRQLWRU�RUDO�KHDOWK��/RZHU�S+�
LV�DQ�LQGLFDWRU�RI�EDFWHULDO�DFFXPXODWLRQ�LQ�WKH�RUDO�FDYLW\��
ZKLFK�FDQ�FDXVH� WRRWK�GHFD\��SHULRGRQWDO�RU�SHUL�LPSODQW�
GLVHDVHV��7KXV��LQ�VLWX�PRQLWRULQJ�S+�LQVLGH�RI�WKH�PRXWK�
LV� FULWLFDO� WR� SUHYHQW� RUDO� GLVHDVHV��8VLQJ� D� SLH]RHOHFWULF�
GHQWDO�FURZQ��6PDUW�7RRWK�V\VWHP�FRQYHUWV�RUDO�PRWLRQV��
VXFK�DV�FKHZLQJ��WR�HOHFWULFDO�SRZHU�ZKLFK�FDQ�LPSLQJH�D�
VXUIDFH� LQWHJUDWHG� /&� WUDQVSRQGHU�� 7KH� /&� WUDQVSRQGHU�
DOVR� LQFRUSRUDWHV� LURQ�R[LGH�QDQRSDUWLFOHV�HPEHGGHG�S+�
VHQVLWLYH�K\GURJHO� WKDW�PRGXODWHV� WKH� UHVRQDQW� IUHTXHQF\�
YLD� VKULQNLQJ� RU� VZHOOLQJ�� $V� D� SURRI� RI� FRQFHSW�� WKH�
IDEULFDWHG�SURWRW\SH�PHDVXUHV�S+�OHYHOV�UDQJLQJ�IURP�S+�
��WR����DQG�VHQGV�GDWD�ZLUHOHVVO\�WR�WKH�UHFHLYHU�SODFHG�XS�
WR���FP�DZD\��ZLUHOHVV�WUDQVPLVVLRQ�SDWK�ORVV�DW���FP�ZDV�
������G%���7KH�UHVXOWV�LQGLFDWH�WKDW�WKH�6PDUW�7RRWK�V\VWHP�
FDQ�PRQLWRU�RUDO�KHDOWK�ZKLOH�UHSODFLQJ�PLVVLQJ�WHHWK��
�
KEYWORDS 

'HQWDO�� S+� VHQVLQJ�� K\GURJHO�� SLH]RHOHFWULF�� ELR�
WHOHPHWU\��/&�WUDQVSRQGHU��ZLUHOHVV�KHDOWKFDUH�PRQLWRULQJ��
�
INTRODUCTION 

6PDUW� KHDOWK� FDUH� KDV� EHHQ� WUDQVIRUPLQJ� GLVHDVH�
PDQDJHPHQW�LQ�PDQ\�ZD\V��HQKDQFLQJ�WKH�GLDJQRVWLFV�DQG�
WUHDWPHQWV� WR� EH� PRUH� HIILFLHQW�� FRQYHQLHQW�� DQG�
SHUVRQDOL]HG��1RWDEO\��ZLUHOHVV� VHQVLQJ�V\VWHPV�KDYH� OHG�
WR�QHZ�LQVLJKWV� LQ�GHYHORSLQJ�FRQWLQXRXV�PRQLWRULQJ�GXH�
WR�UHFHQW�DGYDQFHV�LQ�ORZ�SRZHU�LQWHUIDFHV��5)�HOHFWURQLFV��
DQG�PLQLDWXUH�SRZHU�VRXUFHV��6XFK�D�V\VWHP�DOVR�LQFUHDVHV�
SDWLHQWV¶� PRELOLW\�� HQDEOHV� HDUO\� GLVHDVH� GHWHFWLRQV�� DQG�
UHGXFHV�WKH�RYHUDOO�KHDOWKFDUH�FRVW�LQ�WKH�ORQJ�UXQ��$�JRRG�
H[DPSOH�LV�WKH�3LOO&DP��D�SLOO�VKDSHG�ZLUHOHVV�HQGRVFRS\�
ZLWK�DQ�DGYDQFHG�LPDJLQJ�V\VWHP��H�J���ZKLWH�/('��PLFUR�
OHQV��&&'�VHQVRU����

7KH� XVH� RI� UHVRQDQW� SDVVLYH� WUDQVSRQGHU� IRU� VHQVLQJ�
DQG�PRQLWRULQJ�KDV�EHHQ�XWLOL]HG�WR�PHDVXUH�SK\VLRORJLFDO�
SDUDPHWHUV��VXFK�DV�SUHVVXUH��S+��)RU�H[DPSOH��SUHVVXUH�LQ�
WKH� LQWUDFUDQLDO�� LQWUDRFXODU�� EODGGHU�� DQG� DUWHU\� FRXOG� EH�
PRQLWRUHG�ZLUHOHVVO\�>�@±>�@��7KHVH�ZLUHOHVV�VHQVRUV�XVH�D�
SDVVLYH� /&� �LQGXFWRU� DQG� FDSDFLWRU�� UHVRQDQW� FLUFXLW� WR�
WUDQVODWH� WKH� SUHVVXUH� RU� ELRFKHPLFDO� LQIRUPDWLRQ� WR� DQ�
HOHFWULFDO� VLJQDO�� 3UHVVXUH� DSSOLHG� WR� D� PRYDEOH� SODWH� RI�
FDSDFLWRU�RU�S+�VROXWLRQ�LQWHUDFWHG�ZLWK�FKHPRPHFKDQLFDO�
K\GURJHO� �VZHOOLQJ� RU� VKULQNLQJ�� WKDW� FDUULHV� KLJKHU�
PDJQHWLF� VXVFHSWLELOLW\� SODFHG� RQ� WKH� LQGXFWRU� FRXOG�
PRGXODWH� WKH� RYHUDOO� UHVRQDQW� IUHTXHQF\� RI� WKH� /&�
WUDQVSRQGHU�>�@��+RZHYHU��ZLUHOHVV�WUDQVPLVVLRQ�RI�WKH�GDWD�
UHTXLUHV�D�FRPSOH[�UHDGRXW�V\VWHP�WR�HQHUJL]H�WKH�VHQVRU�
ZLWK� KLJK� HQHUJ\� DQG� UHDG� WKH� UHIOHFWHG� VLJQDO�� 6XFK� DQ�
DSSURDFK� SRVHV� FKDOOHQJHV� LQ� WKH� LQWHUURJDWLRQ� UDQJH�
�XVXDOO\�H[WUHPHO\�VKRUW�����FP��DQG�VXIIHUV�IURP�WKHUPDO�

LVVXHV�GXH�WR�WKH�XVH�RI�KLJK�HQHUJ\��7KLV�KDV�EHHQ�RQH�RI�
WKH�PDLQ�UHDVRQV�WKDW��VR�IDU��YHU\�IHZ�RU�QR�VXFK�V\VWHPV�
KDYH�EHHQ�XWLOL]HG�LQ�GHQWDO�RUDO�KHDOWK�DSSOLFDWLRQV��

7KH�NH\�LQGLFDWRU�RI�RUDO�KHDOWK�LV�S+�OHYHO��&RPPRQ�
RUDO� GLVHDVHV�� VXFK� DV� GHQWDO� FDULHV�� SHULRGRQWDO� RU� SHUL�
LPSODQW� GLVHDVHV�� DUH� DVVRFLDWHG� ZLWK� ORFDO� EDFWHULDO�
DFFXPXODWLRQ�� ZKLFK� LQGXFHV� DFLGLF� S+� GXH� WR� WKHLU�
PHWDEROLF� DFWLYLW\�� +HDOWK\� DGXOWV� XVXDOO\� PDLQWDLQ� WKH�
QHXWUDO�S+�LQ�WKH�RUDO�FDYLW\�>�@��+RZHYHU��ZKHQ�EDFWHULD�
FRORQL]H�DQG�GHQWDO�SODTXH�JURZ��S+�SOXPPHWV�EHORZ�����
FRQGXFLYH� WR� WRRWK� GHFD\�� 7KHQ�� WKHVH� EDFWHULD� FOXPSV�
PLJUDWH� WRZDUG� WKH� LQWHUIDFH� EHWZHHQ�JLQJLYDO� WLVVXH� DQG�
QDWXUDO� WRRWK�LPSODQW�FURZQ��HQVXLQJ� WLVVXH� LQIODPPDWLRQ�
>�@��,Q�WKLV�SDSHU��ZH�UHSRUW�D�6PDUW�7RRWK�V\VWHP�WKDW�FDQ�
PRQLWRU�S+�OHYHO�LQVLGH�RI�WKH�PRXWK�XVLQJ�DQ�RUDO�PRWLRQ�
SRZHUHG�/&� WUDQVSRQGHU�ZLWK�S+�VHQVLWLYH� IHUURJHO��7KH�
6PDUW�7RRWK�V\VWHP�LV�H[SHFWHG�WR�RYHUFRPH�PDQ\�RI�WKH�
DERYHPHQWLRQHG� VKRUWFRPLQJV� LQ� D� SDVVLYH� WUDQVSRQGHU��
L�H��� VKRUW� LQWHUURJDWLRQ� UDQJH�� FRPSOLFDWHG� UHDGRXW�
LQVWUXPHQWV��DQG�WKHUPDO�HIIHFW��
�
WORKING PRINCIPLE 

)LJXUH� �� LOOXVWUDWHV� D� VFKHPDWLF� RI� WKH� 6PDUW� 7RRWK�
V\VWHP� IRU� in situ UHDO�WLPH� S+�PRQLWRULQJ�� ,W� FRPSULVHV�
WKUHH�PRGXOHV��D�SLH]RHOHFWULF�GHQWDO�FURZQ�DV�D�VRXUFH�RI�
SRZHU�� D� S+�VHQVLWLYH� K\GURJHO� ZLWK� IHUURPDJQHWLF�
QDQRSDUWLFOHV�DV�D�VHQVLQJ�HOHPHQW��DQG�DQ�/&��LQGXFWRU�
FDSDFLWRU�� WUDQVSRQGHU� IRU�ZLUHOHVV� VHQVRU� UHDGRXW��8SRQ��
DQ� RUDO� PRWLRQ� �H�J��� FKHZLQJ�� WRRWK� EUXVKLQJ�� PRXWK�
ZDVKLQJ��VWULNHV�WKH�SLH]RHOHFWULF�GHQWDO�FURZQ��DQ�LQVWDQW�
HOHFWULFDO�SRZHU�LV�H[HUWHG��7KLV�PRPHQWDULO\�FKDUJHV�WKH�
FDSDFLWRU� RI� WKH� WUDQVSRQGHU� �FKDUJLQJ� SKDVH���:KHQ� WKH�
VWUHVV�LV�UHOHDVHG�IURP�WKH�FURZQ��WKH�FKDUJLQJ�SKDVH�HQGV�
DQG�EHJLQV� WKH� UDGLDWLRQ�SKDVH�� LQ�ZKLFK� WKH� WUDQVSRQGHU�
LQLWLDWHV� WKH� RVFLOODWLRQ� EHWZHHQ� FDSDFLWRU� DQG� LQGXFWRU��
6XFK� RVFLOODWLRQ� UDGLDWHV� HOHFWURPDJQHWLF� ZDYHV� WKURXJK�
WKH�LQGXFWRU��DQWHQQD���ZKLFK�FDQ�EH�FDSWXUHG�IURP�RXWVLGH�
XVLQJ� D� VLPSOH� UHFHLYHU� FRLO�� 7KH� HOHFWURPDJQHWLF� ZDYHV�
FDUU\�S+�LQIRUPDWLRQ�LQ�WKH�IRUP�RI�WKH�UHVRQDQW�IUHTXHQF\��
)RU�WKDW��S+�VHQVLWLYH�IHUURPDJQHWLF�K\GURJHO�WKDW�H[KLELWV�
FKHPRPHFKDQLFDO�EHKDYLRU� �L�H��� VZHOOV�DW�KLJKHU�S+�DQG�

Figure 1: A schematic of Smart Tooth showing wireless pH 
monitoring 

����������������������������������,((( ��� 7UDQVGXFHUV������9LUWXDO�&RQIHUHQFH
��������-XQH�����

%�����E
ϮϬ

Ϯϭ
�Ϯ
ϭƐ
ƚ�/
Ŷƚ
Ğƌ
ŶĂ

ƚŝŽ
ŶĂ

ů��
ŽŶ

ĨĞ
ƌĞ
ŶĐ
Ğ�
ŽŶ

�^
Žů
ŝĚ
Ͳ^
ƚĂ
ƚĞ
�^
ĞŶ

ƐŽ
ƌƐ
͕��

Đƚ
ƵĂ

ƚŽ
ƌƐ
�Ă
ŶĚ

�D
ŝĐ
ƌŽ
ƐǇ
Ɛƚ
Ğŵ

Ɛ�;
dƌ
ĂŶ

ƐĚ
ƵĐ
Ğƌ
ƐͿ
�ͮ
�ϵ
ϳϴ

Ͳϭ
Ͳϲ
ϲϱ

ϰͲ
ϭϮ

ϲϳ
Ͳϰ
ͬϮ
ϭͬ
Ψϯ

ϭ͘
ϬϬ

�Ξ
ϮϬ

Ϯϭ
�/�
��
�ͮ
��
K
/͗�
ϭϬ

͘ϭ
ϭϬ

ϵͬ
dZ

�E
^�

h
��

Z^
ϱϬ

ϯϵ
ϲ͘
ϮϬ

Ϯϭ
͘ϵ
ϰϵ

ϱϳ
Ϭϲ

Authorized licensed use limited to: Temple University. Downloaded on March 04,2022 at 19:17:27 UTC from IEEE Xplore.  Restrictions apply. 



VKULQNV� DW� ORZHU� S+�� ZDV� GHSRVLWHG� RQ� WKH� LQGXFWRU��
3DUWLFXODUO\�� WKH� IHUURPDJQHWLF� QDQRSDUWLFOHV� HPEHGPHQW�
DOWHUV� WKH� RYHUDOO� SHUPHDELOLW\� GHSHQGLQJ� RQ� WKH�
HQYLURQPHQWDO� S+� OHYHO�� UHVXOWLQJ� LQ� UHVRQDQW� IUHTXHQF\�
VKLIWV��7KH�UDGLDWLRQ�SKDVH�ODVWV�XQWLO�DOO�VWRUHG�HQHUJ\�IURP�
WKH�FKDUJLQJ�SKDVH�LV�GLVFKDUJHG�WKURXJK�ZLUHOHVV�VLJQDOV�
RU� DQRWKHU� FKDUJLQJ� SKDVH� EHJLQV�� $V� VXFK�� WKH� UHFHLYHG�
VLJQDO�DSSHDUV�WR�KDYH�D�GDPSLQJ�QDWXUH��)LJXUH���VXEVHW�
VKRZV�D�FLUFXLW�GLDJUDP�RI�WKH�VPDUW�GHQWDO�VHQVLQJ�V\VWHP��
$� IXOO� EULGJH� UHFWLILHU� FLUFXLW� LQWHJUDWHG� LQWR� WKH� V\VWHP�
FRQYHUWV�$&�SRZHU�IURP�WKH�SLH]RHOHFWULF�GHQWDO�FURZQ�WR�
D� '&� SRZHU�� ZKLFK� FKDUJHV� WKH� /&� WUDQVSRQGHU� ZLWK� D�
K\GURJHO�S+�VHQVLQJ�HOHPHQW��$V�IRU�WKH�UHDGRXW�V\VWHP��D�
VLPSOH�LQVWUXPHQW�VXFK�DV�DQ�RVFLOORVFRSH�ZLWK�D�UHFHLYHU�
FRLO�FDQ�VXIILFLHQWO\�FDSWXUH�WKH�UDGLDWLQJ�(0�ZDYHV���
 
MATERIALS AND METHOD 

)LJXUH���VKRZV�WKH�IDEULFDWLRQ�SURFHVV�IRU�D�SURWRW\SH�
6PDUW� 7RRWK� V\VWHP�� ,W� VWDUWV� ZLWK� V\QWKHVL]LQJ� D� S+�
VHQVLWLYH� K\GURJHO�� DV� GHVFULEHG� LQ� 6RQJ� HW� DO�� >�@�� 7KH�
K\GURJHO�VROXWLRQ�KDV�WZR�SDUWV��VROXWLRQ�$�LV�SUHSDUHG�E\�
PL[LQJ� ������ PJ� RI� DFU\ODPLGH� ZLWK� ������ �/� RI�
PHWKDFU\OLF� DFLG�� ���� �/� RI� 1�1�1ƍ�1ƍ�
WHWUDPHWK\OHWK\OHQHGLDPLQH� DFFHOHUDWRU�� DQG�������PJ�RI�
1�1ƍ�PHWK\OHQHELVDFU\ODPLGH�FURVVOLQNHU��GLVVROYHG�LQ�����
P/� RI� GHLRQL]HG� �',�� ZDWHU�� VROXWLRQ� %� LV� SUHSDUHG� E\�
DGGLQJ� ��� PJ� DPPRQLXP� SHUVXOSKDWH� WR� ���� P/� RI� ',�
ZDWHU�� $GGLQJ� SDUW� $� WR� SDUW� %� LQLWLDWHV� FURVVOLQNLQJ� RI�
K\GURSKLOLF� SRO\PHU� FKDLQV� SURYLGHG� E\� WKH� DFU\ODPLGH�
SRO\PHU� EDVH�� 7KH� K\GURSKLOLF� HOHPHQWV� DWWDFKHG� WR� WKH�
SRO\PHU�DOORZ�K\GURJHO� WR�DEVRUE�ZDWHU�ZKLOH� WKH�FURVV�
OLQNLQJ�EHWZHHQ� WKH�SRO\PHU� FKDLQV�SUHYHQWV�GLVVROXWLRQ��
(OHFWURVWDWLF� UHSXOVLRQ� EHWZHHQ� WKH� LRQL]HG� JURXSV�
�FDUER[\O� JURXSV� RI�PHWKDFU\OLF� DFLG�� FDQ� EH�PRGXODWHG�
GXH� WR� WKH� SUHVHQFH� RI�+�� LRQV� LQ� WKH� VROXWLRQ��ZKLFK� LQ�
WHUPV� FDQ� FRQWURO� WKH� DPRXQW� RI� VKULQNLQJ� DW� ORZ� S+� RU�
VZHOOLQJ�DW�KLJK�S+�RI�WKH�K\GURJHO�>�@��7R�IXQFWLRQDOL]H�
WKH� IHUURPDJQHWLF� IXQFWLRQ� LQ� WKH� S+�VHQVLWLYH� K\GURJHO��
�����PJ�RI�LURQ��,,,��R[LGH��)H�2���QDQRSDUWLFOHV����ZW����
�����QP���U�!�����DUH�PL[HG�LQ������/�RI�VROXWLRQ�$��$IWHU�
�� PLQ� RI� YRUWH[� PL[LQJ� WR� REWDLQ� XQLIRUPO\� GLVSHUVHG�
QDQRSDUWLFOHV��������/�RI�VROXWLRQ�%�LV�DGGHG�WR�VROXWLRQ�$�
��������UDWLR���FRPSOHWLQJ�WKH�SUH�JHO�VROXWLRQ�IRU�IHUURJHO�
�)LJXUH��D��E��>�@��$IWHU���VHFRQGV�LQ�D�YRUWH[�PL[HU��WKH�
SUH�JHO�VROXWLRQ�LV�SRXUHG�RYHU�WKH�RUJDQRVLODQH�FRXSOLQJ�
DJHQWV� �γ�036�� WUHDWHG� PHGLFDO�JUDGH� SUHVVXUH�VHQVLWLYH�
DGKHVLYH��36$���$5�6HDO��$GKHVLYHV�5HVHDUFK��VKRZQ�LQ�
)LJXUH��G��7KH�36$�LV�ODVHU�PDFKLQHG�WR�FUHDWH�DFFHVV�KROHV�
IRU� HQYLURQPHQWDO� IOXLGV� WR� LQWHUDFW� ZLWK� WKH� K\GURJHO�
�)LJXUH��F���7KH�36$�ZLWK�IHUURJHO�ZDV�WKHQ�ERQGHG�ZLWK�
D� SODQHU� LQGXFWRU� FRLO�� 7KH� LQGXFWRU� FRLO� �/�� LV� PDGH� RI�
SRO\LPLGH�LQVXODWHG�FRSSHU�ZLUH��WKLFNQHVV� ������PP��1�
 �����ZLWK�D�QRPLQDO�LQGXFWDQFH�RI�������+��7KH�LQGXFWRU�
LV�FRQQHFWHG�WR�D�����S)�FHUDPLF�FDSDFLWRU�WR�FUHDWH�DQ�/&�
WUDQVSRQGHU�� 7KXV�� WKH� UHVRQDQW� IUHTXHQF\� RI� WKH� /&�
WUDQVSRQGHU� ZDV� FDOFXODWHG� WR� EH� ����� 0+]� � !" =
1/2'√)*���/DVWO\��WKH�/&�WUDQVSRQGHU�ZLWK�LURQ��,,,��R[LGH�
QDQRSDUWLFOH�HPEHGGHG� K\GURJHO� LV� DWWDFKHG� WR� WKH�
SLH]RHOHFWULF�GHQWDO�FURZQ�VXUIDFH�ZLWK�WKH�36$�DORQJ�ZLWK�
WKH�HOHFWULFDO�FRQQHFWLRQV��)LJXUH��J���,W�LV�QRWHZRUWK\�WKDW�
RXU� FKRLFH� RI� 36$� LV� D� VLOLFRQH�EDVHG� DGKHVLYH� WKDW�

SURYLGHV�DQ�LPPHGLDWH�ERQG�WR�ORZ�HQHUJ\�VXEVWUDWHV�DQG�
UHVLVWDQW�WR�RUJDQLF�VROYHQWV�>�@��>�@��7R�YDOLGDWH�WKH�SURRI�
RI�FRQFHSW�GHVLJQ��ZH�LQWHJUDWHG�WKH�/&�WUDQVSRQGHU�RQ�D�
SLH]RHOHFWULF�GHQWDO�FURZQ�VDPSOH�SUHYLRXVO\�UHSRUWHG�E\�
3DUN�HW�DO��>��@��6XFK�GHQWDO�FURZQV�FDQ�EH�IDEULFDWHG�E\�
VLQWHULQJ�EDULXP�WLWDQDWH��%D7L2���QDQRSDUWLFOHV��)LUVW��ZH�
SUHSDUHG� D� ELQGHU� VROXWLRQ� E\� PL[LQJ� SRO\YLQ\O� IOXRULGH�
�39')�� LQ� DQ� RUJDQLF� VROYHQW� 1�1�GLPHWK\OIRUPDPLGH�
�'0)��E\�D�ZHLJKW�UDWLR�RI�������LQ�D�ZDWHU�EDWK�DW�����&�
WHPSHUDWXUH�� IRU� ��� PLQXWHV�� :KHQ� WKH� 39')� ZDV�
FRPSOHWHO\�GLVVROYHG��ZH�DGGHG�EDULXP�WLWDQDWH��%D7L2���
QDQRSDUWLFOHV������QP��86�5HVHDUFK�1DQR�PDWHULDOV��DQG�
PL[HG�WKHP�VORZO\� WR�UHDFK�D�KLJK�YROXPH�FRQFHQWUDWLRQ�
�DV�PXFK�DV�����ZW�����7KH�FROORLGDO�JHO�ZLWK�%71S�ZDV�
WKHQ� ORDGHG� LQWR� D� V\ULQJH� ����P/�� ���� �P� QR]]OH�� DQG�
DIIL[HG� WR� DQ� H[WUXVLRQ� �'� SULQWHU� �&XOWXUH� �'V�� 7LVVXH�
6FULEH��WR�SULQW�D�GHQWDO�FURZQ�VWUXFWXUH�DW���PP�V�VSHHG�
ZLWK� ���� �P� ]�D[LV� UHVROXWLRQ�� 7KH� SULQWHG� VDPSOH� ZDV�
WKHQ�GULHG�IRU���KRXUV�LQ�DQ�RYHQ�DW������&�WR�HYDSRUDWH�WKH�
'0)��7KH�GHQWDO�FURZQ�ZDV�SUHSDUHG� IRU�GHELQGLQJ�DQG�
VLQWHULQJ�LQ�WKH�SRVW�SURFHVVLQJ�SKDVH��SHUIRUPHG�LQ�D�WXEH�
IXUQDFH��*6/�����;��07,�&RUSRUDWLRQ���7KH�VDPSOH�ZDV�
KHOG�DW�����&�IRU���KRXU��UDPS����&�PLQ��IRU�GHELQGLQJ�DQG�
DW� �����&� IRU� �� KRXUV� IRU� VLQWHULQJ� �UDPS�� ��&�PLQ��
IROORZHG�E\�FRROLQJ�GRZQ�DW����&�PLQ�UDWH��$IWHU�VLQWHULQJ��
LW�ZDV�SROHG�ZLWK���N9�PP�HOHFWULF�ILHOG�IRU���KRXUV�DW����&�
LQ�D�VLOLFRQH�RLO�EDWK�WR�LQGXFH�SLH]RHOHFWULFLW\�E\�DOLJQLQJ�
UDQGRPO\�RULHQWHG�IHUURHOHFWULF�GLSROHV�LQ�WKH�VDPSOH���
�

 
Figure 2: Fabrication process of a Smart Tooth: (a-b) 
preparing the pre-gel solution of ferrogel; (c-e) forming 
ferrogel disc on laser machined PSA (for fluid access); (f) 
cross-sectional view; (g) a proposed Smart Tooth; (h) a 
fabricated prototype.  
�

$V�D�SURRI�RI�FRQFHSW��ZH�PLPLFNHG�RUDO�PRWLRQ�VWUHVV�
XVLQJ� DQ� XOWUDVRQLF� WUDQVGXFHU� �7;����0+]���PP��
3UHFLVLRQ� $FRXVWLFV��� 6XFK� VWUHVV� VKRXOG� EH� ZLWKLQ� WKH�
UDQJH�RI�IRUFH�FUHDWHG�IURP�DQ�HOHFWULFDO�WRRWKEUXVK��������
1�� RU�� ELWLQJ� VROLG� IRRGV� �DYHUDJH� a���� 1�� >��@�� >��@��
)LJXUH� �� VKRZV� DQ� H[SHULPHQWDO� VHWXS��:H� XVHG� D�ZDWHU�
WDQN� WR� PLPLF� WKH� ELRORJLFDO� DFRXVWLF� LPSHGDQFH�� 7KH�
XOWUDVRQLF�WUDQVGXFHU�ZDV�SODFHG�ZLWKLQ�WKH�ZDWHU�WDQN��,W�
ZDV�GULYHQ�E\� D� VLJQDO� JHQHUDWRU� �������%	.�3UHFLVLRQ��
DFFRPSDQLHG�E\�D����G%�5)�DPSOLILHU������/��(	,�/WG����
$Q� LQSXW� VLJQDO�RI���9�DQG�����N+]�ZHUH�SURSDJDWHG�DV�
WKUHH�EXUVW�ZDYHV�ZLWK���PV�LQWHUYDO��7KH�6PDUW�7RRWK�ZDV�
SODFHG� �� FP� DZD\� RQ� D� SODWIRUP� WR� UHFHLYH� XOWUDVRQLF�
ZDYHV�� 7KH� DYHUDJH� UHFHLYHG� VWUHVV� ZDV� ������� N3D��

���

Authorized licensed use limited to: Temple University. Downloaded on March 04,2022 at 19:17:27 UTC from IEEE Xplore.  Restrictions apply. 



PHDVXUHG�E\�D�ILEHU�RSWLF�K\GURSKRQH��)2+6����3UHFLVLRQ�
$FRXVWLFV���7KLV�VWUHVV�ZRXOG�EH�DEOH�WR�FUHDWH�DERXW�������
1�IRUFH�RQ�WKH�VPDUW�WRRWK�ZKLFK�LV�HTXLYDOHQW�WR�ELWLQJ�RQ�
D�ELVFXLW�>��@��7KH�UHFHLYHU�FRLO�ZDV�DOVR�SODFHG�LQVLGH�WKH�
WDQN��7KH�/&�WUDQVSRQGHU�ZDV�FRQQHFWHG�WR�DQ�LPSHGDQFH�
DQDO\]HU� �(����%������ .H\VLJKW� 7HFK��� WR� REVHUYH� WKH�
VKLIWV�LQ�UHVRQDQFH�IUHTXHQF\�GXH�WR�WKH�S+�FKDQJH�DV�ZH�
DGG�GLIIHUHQW�S+�VROXWLRQV�WR�WKH�ZDWHU�WDQN��7KH�S+�RI�WKH�
VROXWLRQ�ZDV�DOVR�PHDVXUHG�ZLWK�D�GLJLWDO�S+�PHWHU��$,�����
$SHUD�,QVWUXPHQWV��IRU�FURVV�UHIHUHQFLQJ��7KH�6PDUW�7RRWK�
VHQVRU�ZDV�VXEPHUJHG�IRU�DW�OHDVW����PLQXWHV�LQ�HDFK�S+�
VROXWLRQ�EHIRUH�DQ\�PHDVXUHPHQWV�ZHUH�WDNHQ��7KH�UHFHLYHU�
FRLO� ZDV� FRQQHFWHG� WR� DQ� RVFLOORVFRSH� �062;� ����7��
.H\VLJKW�7HFK���WR�UHFRUG�WKH�ZLUHOHVVO\�UHFHLYHG�VLJQDO���
�

 
Figure 3: Experimental setup with an acoustic transducer 
as a stimulator. 
�
RESULTS AND DISCUSSION 

$V�GLVFXVVHG��PHFKDQLFDO�VWUHVV��GXH�WR�RUDO�PRWLRQ�RU�
XOWUDVRXQG�LQ�RXU�FDVH��LQGXFHV�HOHFWULFDO�SRZHU�IURP�WKH�
SLH]RHOHFWULF�GHQWDO�FURZQ��ZKLFK�WKHQ�GULYHV�RVFLOODWLRQ�LQ�
WKH�/&�WUDQVSRQGHU��)LJXUH��D�VKRZV�WKH�PHFKDQLFDO�LQSXW�
WR� WKH�6PDUW�7RRWK�SURWRW\SH��7KH�SXOVHV�ZHUH�DPSOLILHG�
XVLQJ� WKH�5)�DPSOLILHU� DQG� FRQYHUWHG� WR� DFRXVWLF� HQHUJ\�
XVLQJ� WKH� XOWUDVRQLF� WUDQVGXFHU�� $V� WKH� XOWUDVRQLF� ZDYHV�
VWUXFN�WKH�GHQWDO�FURZQ��ZH�PHDVXUHG�WKH�YROWDJH�JHQHUDWHG�
IURP�WKH�GHQWDO�FURZQ��a�����P9��DV�VKRZQ�LQ�)LJXUH��E���
�

 
Figure 4: Example of Smart Tooth operation: (a) 
mechanical stimulation; (b) piezoelectric output 

�
7KH�YROWDJH�IURP�WKH�SLH]RHOHFWULF�GHQWDO�FURZQ�ZDV�

WKHQ�UHFWLILHG�DQG�IHG�WR�WKH�/&�WUDQVSRQGHU��6SHFLILFDOO\��
WKH�SRVLWLYH�KDOI�F\FOH�RI�WKH�SLH]RHOHFWULF�RXWSXW�IURP�WKH�
GHQWDO�FURZQ�FKDUJHG�WKH�/&�WUDQVSRQGHU��$V�VRRQ�DV�WKH�
SLH]RHOHFWULF�RXWSXW�WXUQV�WR�QHJDWLYH��QHJDWLYH�KDOI�F\FOH���
WKH� /&� WUDQVSRQGHU� VWDUWV� HOHFWURPDJQHWLF� UDGLDWLRQ�� DV�
VKRZQ�LQ�)LJXUH��D��,Q�RXU�FDVH��WKUHH�EXUVWV�RI�XOWUDVRQLF�

ZDYHV� ZHUH� DSSOLHG�� ZKLFK� FRXOG� LQGXFH� V\QFKURQL]HG�
WKUHH�KLJK�HQHUJ\�RVFLOODWLRQV��7KHVH�RVFLOODWLRQV�FRXOG�EH�
GHWHFWHG� ZLUHOHVVO\� XVLQJ� D� UHFHLYHU� FRLO� SODFHG� DW� D�
GLVWDQFH�� )LJXUH� �E� VKRZV� DQ� H[DPSOH� RI� D� ZLUHOHVVO\�
FDSWXUHG�VLJQDO��a���P9��DW���FP�GLVWDQFH�XVLQJ�D�UHFHLYHU�
FRLO� DQG� DQ� RVFLOORVFRSH�� 7KH� EDVH� UHVRQDQW� IUHTXHQF\�
FRXOG�EH�FRQILUPHG�WKURXJK�D�IDVW�)RXULHU�WUDQVIRUP��))7��
RQ�WKH�UHFHLYHG�VLJQDO��ZKLFK�VKRZHG������0+]��FORVH�WR�
WKH�WKHRUHWLFDO�YDOXH��)LJXUH��F���
�

 
Figure 5: (a) Sequential charging (red) and radiation 
(green) phases of Smart Tooth system; (b) wirelessly 
received signal; (c) FFT of the wirelessly received signal.  
 

7KH�UHVRQDQFH�IUHTXHQF\�RI�WKH�/&�WUDQVSRQGHU�VKLIWV��
GHSHQGLQJ� RQ� WKH� VZHOOLQJ�VKULQNLQJ� RI� WKH� IHUURJHO� LQ�
UHVSRQVH�WR�WKH�S+�OHYHO�RI�WKH�PHGLXP��7KXV��DQDO\]LQJ�
WKH�UHVRQDQW�IUHTXHQF\�LQIRUPDWLRQ�FRXOG�EH�WUDQVODWHG�LQWR�
WKH�S+�YDOXH��$W�KLJKHU�S+��WKH�IHUURJHO�VZHOOV�LVRWRSLFDOO\�
DQG� IRUP� DV� D� ODUJH� GLVF� RQ� WRS� RI� WKH� SODQDU� FRLO�� 7KLV�
VZHOOHG�IHUURJHO�FRYHUV�WKH�ODUJH�DUHD�RI�WKH�SODQDU�FRLO�ZLWK�
KLJKHU� SHUPHDELOLW\� LURQ� R[LGH�� LQFUHDVLQJ� WKH� RYHUDOO�
LQGXFWDQFH�DV�IROORZLQJ��

) = )+ + -('/ 0(12341
"

+
2 �

ZKHUH�L0� LV� WKH� LQWULQVLF� LQGXFWDQFH� RI� WKH� FRLO��K� LV� WKH�
SURSRUWLRQDOLW\�FRQVWDQW��DQG�R(x)�LV�WKH�IHUURJHO�VZHOOLQJ�
UDGLXV� UDWLR� DV� D� IXQFWLRQ� RI� S+� OHYHO�� $V� D� UHVXOW�� WKH�
UHVRQDQW�IUHTXHQF\�GHFUHDVHG��)LJXUH���VKRZV�WKH�FKDQJH�
LQ� WKH� UHVRQDQFH� IUHTXHQF\� RI� WKH� /&� WUDQVSRQGHU� LQ�
YDULRXV�S+�OHYHOV��7KH�DGGLWLRQDO�LQGXFWDQFH�GXH�WR�D�WKUHH�
GLPHQVLRQDO�IHUURJHO�GLVF�ZDV�PHDVXUHG�WR�EH�LQ�D�UDQJH�RI�
�����WR�������+�GXH�WR�D�IXOO�VFDOH�S+�FKDQJH�RI������WR�
������� +RZHYHU�� WKH� VHQVLQJ� UHVSRQVH� H[KLELWHG� WKUHH�
VHJPHQWDWLRQV�IURP�S+���WR����S+���WR������DQG�S+�����WR�
���� ,W� FRXOG� EH� DWWULEXWHG� WR� LURQ� R[LGH� QDQRSDUWLFOH�
HPEHGPHQW� \LHOGV� GLIIHUHQW� VZHOOLQJ�VKULQNLQJ� UDWLRV� LQ�
WKHVH�UHJLRQV��UHTXLULQJ�IXUWKHU�LQYHVWLJDWLRQ�LQ�WKH�IXWXUH����

$IWHU� FRQILUPLQJ� WKH� in-situ S+� PRQLWRULQJ�� ZH�
PHDVXUHG�WKH�ZLUHOHVV�VHQVRU�GDWD�WUDQVPLVVLRQ�XS�WR���FP�
GLVWDQFH�IURP�WKH�6PDUW�7RRWK�WR�WKH�UHFHLYHU��7KH�UHFHLYHU�
FRLO� ZDV� DOLJQHG� KRUL]RQWDOO\� DQG� SODFHG� DW� D� YHUWLFDOO\�
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FHQWHUHG�SRVLWLRQ��$�QHWZRUN�DQDO\]HU��(����%��.H\VLJKW�
7HFK��� ZDV� XVHG� WR� PHDVXUH� WKH� ORJDULWKPLF� UDWLR� RI� WKH�
WUDQVPLWWHG� DQG� UHFHLYHG� SRZHU� �L�H��� SDWK� ORVV�� LQ� WKH�
IUHTXHQF\�UDQJH�RI���0+]�WR���0+]��%DVHG�RQ�WKH�UHVXOW�
LQ�)LJXUH����WKH�PLG�IUHTXHQF\�RI������0+]�ZDV�FKRVHQ�WR�
VWXG\�WKH�SDWK�ORVV��)LJXUH���VKRZV�KRZ�GLVWDQFH�LPSDFWHG�
WKH�WUDQVPLVVLRQ�SDWK�ORVV��7KH�6PDUW�7RRWK�FRXOG�WUDQVPLW�
S+�LQIRUPDWLRQ�ZLUHOHVVO\�XS�WR�����FP�GLVWDQFH�ZLWK�D�SDWK�
ORVV�FRPSDUDEOH�WR�WKH�WKHRUHWLFDO�SDWK�ORVV�ZLWK�PDJQHWLF�
LQGXFWLRQ�FRPPXQLFDWLRQ�>��@��

�

 
Figure 7: Wireless data transmission path loss for smart 
dental implant and compared to theoretical values. 
�
CONCLUSION 

$�QRYHO�6PDUW�7RRWK�V\VWHP�ZLWK�SLH]RHOHFWULF�GHQWDO�
FURZQ� LQWHJUDWHG� ZLWK� in situ� S+�PRQLWRULQJ� IXQFWLRQ� LV�
LQWURGXFHG��$V�D�SURRI�RI�FRQFHSW��WKH�GHYLFH�IXQFWLRQDOLW\�
DQG� RSHUDWLRQ� ZHUH� GHPRQVWUDWHG�� ZKLFK� VKRZHG� WKH�
H[SHFWHG� UHVSRQVH� ZLWK� UHVSHFW� WR� WKH� S+� FKDQJHV�� 7KH�
ZLUHOHVV� FRPPXQLFDWLRQ� ZRXOG� DGG� DQ� H[WUD� OD\HU� RI�
FRQYHQLHQFH�IRU�PRQLWRULQJ�WKH�RYHUDOO�RUDO�KHDOWK�ZLWKRXW�
DQ\�LQWHUYHQWLRQ��7KXV��WKH�6PDUW�7RRWK�LV�H[SHFWHG�WR�KHOS�
ZLWK�WKH�HDUO\�SUHYHQWLRQ�DQG�GLDJQRVLV�RI�SHULRGRQWDO�DQG�
SHUL�LPSODQW�GLVHDVHV���
�
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Figure 6: Resonance frequency vs. pH 
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