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&RQWLQXRXV�PRQLWRULQJ�RI�ELRFKHPLFDO�LQIRUPDWLRQ�LV�
FULWLFDO� IRU� KHDOWK� PDQDJHPHQW�� +\GURJHO�� D� V\QWKHWLF�
PDWHULDO�WKDW�H[KLELWV�YROXPHWULF�UHVSRQVH�WR�WDUJHW�VWLPXOL��
LV� DQ� DWWUDFWLYH� PDWHULDO� IRU� VXFK� DSSOLFDWLRQV�� +RZHYHU��
ZLUHOHVV�UHDGRXW�RI�WKH�K\GURJHO¶V�UHVSRQVH�RYHU�D�ORQJHU�
GLVWDQFH��ZKLOH�PDLQWDLQLQJ�WKH�VPDOO�VHQVRU�GLPHQVLRQ�KDV�
EHHQ�FKDOOHQJLQJ�� ,Q� WKLV�ZRUN�ZH�SUHVHQW� IHUURJHO�EDVHG�
ZLUHOHVV� DFRXVWR�ELRFKHPLFDO� VHQVLQJ� V\VWHP� ZLWK� VPDOO�
GLPHQVLRQ� �OHQJWK�� ���� PP�� GLDPHWHU�� �� PP�� DQG� ORQJ�
VHQVLQJ� GLVWDQFH� �!��� FP��� 7KH� VHQVRU� XWLOL]HV�
IHUURPDJQHWLF� K\GURJHO� WR� FRQYHUW� S+� WR� WKH� FKDQJH� LQ�
UHVRQDQFH� IUHTXHQF\�� WKH� ZLUHOHVV� PHDVXUHPHQW� LV� PDGH�
WKURXJK�WKH�5)�VLJQDO�HPLVVLRQ�XQGHU�XOWUDVRQLF�H[FLWDWLRQ��
��
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+\GURJHO�� S+� VHQVRU�� ZLUHOHVV� ELRFKHPLFDO� VHQVRU��
XOWUDVRXQG�
�
,1752'8&7,21�

+XPDQ¶V�ELRFKHPLVWU\�LV�KLJKO\�UHJXODWHG�DQG�WKXV�WKH�
LPEDODQFHV�RI�WKH�ELRFKHPLFDO�SDUDPHWHUV��VXFK�DV�JOXFRVH�
OHYHOV�� ORFDO� S+�� VWUHVV� KRUPRQH� OHYHOV�� DQG� PRUH�� DUH�
LPSRUWDQW� ELRPDUNHUV� IRU� LGHQWLI\LQJ� FRQGLWLRQV� >�@��2QH�
PHWKRGRORJLFDO� DSSURDFK� LV� WR� XVH� DQ� LPSODQWDEOH� VHQVRU�
IRU�FRQWLQXRXV�PRQLWRULQJ�RI�ELRFKHPLFDO�LQIRUPDWLRQ�WKDW�
LQFOXGHV� ELRFKHPLFDO� WUDQVGXFWLRQ� FRPSRQHQWV� >�@��
(Q]\PHV�� DQWLERGLHV�� UHFHSWRUV�� RU� QXFOHLF� DFLGV� DUH�
FRPPRQO\�XWLOL]HG�IRU�ELRFKHPLFDO�VHQVRUV��KRZHYHU�� IRU�
DQ�LPSODQWDEOH�GHYLFH��WKH�OLPLWHG�DFWLYLW\�GXUDWLRQ�RI�WKH�
DERYHPHQWLRQHG�PDWHULDOV�EHFRPHV�DQ�LVVXH�DV�WKH�VHQVRUV�
FDQQRW�EH�IUHTXHQWO\�UHSODFHG�UHSOHQLVKHG�>�@��>�@��

)URP�WKLV�SHUVSHFWLYH��K\GURJHOV��KLJKO\�K\JURVFRSLF�
SRO\PHULF�QHWZRUNV��LV�DQ�DWWUDFWLYH�DOWHUQDWLYH�PDWHULDO�IRU�
ELRFKHPLFDO�WUDQVGXFWLRQ�DV�WKH\�FDQ�EH�HQJLQHHUHG�WR�EH�
VHQVLWLYH� WR�GLIIHUHQW�ELRFKHPLFDO�VWLPXOL�VXFK�DV�S+�>�@��
>�@��JOXFRVH�>�@��>�@��FRUWLVRO�>�@��WXPRU�QHFURVLV�IDFWRU�>�@�
DQG� HWF� >�@�� 0RUHRYHU�� WKH\� DUH� SURWHLQ�IUHH� DQG� SXUHO\�
V\QWKHWLF�DQG�WKXV�FDQ�SRWHQWLDOO\�EH�XVHG�IRU�D�ORQJ�WHUP�
LPSODQWDWLRQ� >�@��7KHVH� DGYDQWDJHV�KDYH�SURPSWHG�PDQ\�
UHVHDUFKHUV� WR�GHYHORS�K\GURJHO� EDVHG� VHQVRUV� DQG� VPDUW�
V\VWHPV�>�@±>�@��+RZHYHU��WKH�WHOHPHWU\�RI�WKH�K\GURJHO¶V�
YROXPHWULF� UHVSRQVH� WR� WKH� H[WHUQDO� UHDGRXW� V\VWHP� KDV�
PRVWO\� EHHQ� OLPLWHG� WR� SDVVLYH� /&� WUDQVSRQGHU� VFKHPH�
ZKRVH�ZRUNLQJ�GLVWDQFH�RQO\�VSDQV�DURXQG���FP���

,Q� WKLV� ZRUN�� ZH� SURSRVH� D� IHUURJHO�EDVHG� ZLUHOHVV�
DFRXVWR�ELRFKHPLFDO� VHQVLQJ� V\VWHP� DQG� GHPRQVWUDWH�
ZLUHOHVV�S+�PHDVXUHPHQW�XVLQJ�WKH�SURWRW\SH�GHYLFH��WKH�
VHQVRU� HPSOR\V� IHUURJHO� �K\GURJHO� HPEHGGHG� ZLWK�
IHUURPDJQHWLF� SDUWLFOHV�� DV� WKH� DFWXDWLRQ� VRXUFH� IRU� WKH�
PRYDEOH� IHUULWH� FRUH�� 7KH� RQ�ERDUG� XOWUDVRQLF� HQHUJ\�
KDUYHVWHU� FRQYHUWV� WKH� LQFRPLQJ� XOWUDVRXQG� WR� HOHFWULFDO�
HQHUJ\�� ZKLFK� WULJJHUV� WKH� /&� WUDQVSRQGHU� WR� HPLW� 5)�
�UDGLR�IUHTXHQF\��VLJQDOV���

�

5(68/76�	�',6&866,216�
)HUURJHO�%DVHG� :LUHOHVV� $FRXVWR�%LRFKHPLFDO�
6HQVRU�'HVLJQ��

7KH� SURWRW\SH� IHUURJHO�EDVHG� ZLUHOHVV� DFRXVWR�
ELRFKHPLFDO� VHQVRU�RSHUDWLRQ� LV� LOOXVWUDWHG� LQ�)LJ�����7KH�
VHQVRU� FRQYHUWV� WKH� LQFRPLQJ� XOWUDVRQLF� ZDYHV� WR� 5)�
VLJQDO�� ZKLFK� FRQWDLQV� WKH� IUHTXHQF\� FRPSRQHQW�
FRUUHVSRQGLQJ� WR� WKH� UHVRQDQFH� IUHTXHQF\� RI� WKH� /&�
WUDQVSRQGHU��7KH�/&�WUDQVSRQGHU�LV�FDSDEOH�RI�S+�VHQVLQJ�
WKURXJK� S+� VHQVLWLYH� DFU\ODPLGH�EDVHG� K\GURJHO�
HPEHGGHG� ZLWK� IHUURPDJQHWLF� SDUWLFOHV� �IHUURJHO��� � 7KH�
LQFOXVLRQ�RI�WKH�IHUURPDJQHWLF�SDUWLFOHV�HQDEOHV�WKH�IHUURJHO�
WR�EH�DWWDFKHG�WR�D�IHUULWH�URG�E\�D�PDJQHW��7KH�S+�VHQVLWLYH�
K\GURJHO� XVHG� LQ� RXU� VWXG\� LV� DFU\ODPLGH�FR�PHWKDFU\OLF�
DFLG�K\GURJHO�� WKH�S.D�RI�PHWKDFU\OLF�DFLG�LV�DURXQG������
KHQFH�WKH�FDUER[\O�JURXSV�LRQL]H�LQ�EDVLF�S+��UHVXOWLQJ�LQ�
HOHFWURVWDWLF�UHSXOVLRQ�EHWZHHQ�WKH�FKDLQV�DQG�WKH�K\GURJHO�
H[SDQVLRQ�� 7KH� YROXPHWULF� UHVSRQVH� WR� WKH� S+� RI� WKH�
IHUURJHO�LV�WKHQ�WUDQVODWHG�WR�WKH�GLVSODFHPHQW�RI�WKH�IHUULWH�
URG��ZKLFK�PRGXODWHV� WKH� LQGXFWDQFH�RI� WKH� VROHQRLG�DQG�
KHQFH�WKH�UHVRQDQW�IUHTXHQF\�RI�WKH�/&�WUDQVSRQGHU���

�

�
)LJXUH� ��� 6FKHPDWLF� LOOXVWUDWLRQ� RI� WKH� IHUURJHO�EDVHG�
ZLUHOHVV�DFRXVWR�ELRFKHPLFDO�VHQVRU�

�
)HUURJHO�6\QWKHVLV�DQG�'HYLFH�)DEULFDWLRQ�

7KH�GHYLFH�IDEULFDWLRQ�SURFHVV�LV�RXWOLQHG�LQ�)LJ���D�H��
)LUVWO\�� WKH� UHFLSH� IRU� WKH� IHUURJHO� V\QWKHVLV� LV� EDVHG� RQ�
SUHYLRXV�SXEOLFDWLRQV�>�@��>�@��%ULHIO\��ZH�DGGHG�����J�RI�
DFU\ODPLGH�� ���� ȝO� RI� 1�1�1¶�1¶�� WHWUDPHWK\O�
HWK\OHQHGLDPLQH������ȝO�RI�PHWKDFU\OLF�DFLG��DQG�����PJ�
RI�1��1¶�PHWK\OHQHELVDFU\ODPLGH�WR����PO�RI�',�ZDWHU��DOO�
UHDJHQWV� ZHUH� SXUFKDVHG� IURP� 6LJPD� $OGULFK�� 86$���
IROORZHG� E\� WKH� DGGLWLRQ� RI� ���� J� RI� � LURQ� �,,�� ,,,�� R[LGH�
�'DHMXQJ�&KHPLFDO�� 6RXWK�.RUHD��� 7KH� LQLWLDWRU� VROXWLRQ�
ZDV� SUHSDUHG� E\� GLVVROYLQJ� ��� PJ�PO� DPPRQLXP�
SHUVXOIDWH� �'DHMXQJ�&KHPLFDO�� 6RXWK�.RUHD���7KH� SUHJHO�
VROXWLRQ�DQG�WKH�LQLWLDWRU�VROXWLRQ�ZHUH�PL[HG�LQ�D�����UDWLR�
WR�IRUP�WKH�IHUURJHO��)LJ���D���7KH�PL[HG�VROXWLRQ�ZDV�WKHQ�
SRXUHG� LQWR� D� SRO\FDUERQDWH� SHWUL� GLVK� DQG� OHIW� WR�
SRO\PHUL]H�IRU����PLQXWHV��)LJ���E���$IWHU�SRO\PHUL]DWLRQ��
ZH�HTXLOLEUDWHG� WKH� IHUURJHO� LQ�S+��� VROXWLRQ��DIWHUZDUGV�
ZH�FRUHG�RXW�WKH�FXUHG�IHUURJHO�XVLQJ�D�����PP�GLDPHWHU�
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ABSTRACT
Continuous monitoring of biochemical information is

critical for health management. Hydrogel, a synthetic
material that exhibits volumetric response to target stimuli,
is an attractive material for such applications. However,
wireless readout of the hydrogel's response over a longer
distance, while maintaining the small sensor dimension has
been challenging. In this work we present ferrogel-based
wireless acousto-biochemical sensing system with small
dimension (length: 7.5 mm, diameter: 2 mm) and long
sensing distance (>10 cm). The sensor utilizes
ferromagnetic hydrogel to convert pH to the change in
resonance frequency; the wireless measurement is made
through the RF signal emission under ultrasonic excitation.

KEYWORDS
Hydrogel, pH sensor, wireless biochemical sensor,

ultrasound

INTRODUCTION
Human's biochemistry is highly regulated and thus the

imbalances of the biochemical parameters (such as glucose
levels, local pH, stress hormone levels, and more) are
important biomarkers for identifying conditions [1]. One
methodological approach is to use an implantable sensor
for continuous monitoring of biochemical information that
includes biochemical transduction components [2].
Enzymes, antibodies, receptors, or nucleic acids are
commonly utilized for biochemical sensors; however, for
an implantable device, the limited activity duration of the
abovementioned materials becomes an issue as the sensors
cannot be frequently replacedlreplenished [3], [4].

From this perspective, hydrogels, highly hygroscopic
polymeric networks, is an attractive alternative material for
biochemical transduction as they can be engineered to be
sensitive to different biochemical stimuli such as pH [5],
[6], glucose [4], [7], cortisol [8], tumor necrosis factor [3]
and etc [1]. Moreover, they are protein-free and purely
synthetic and thus can potentially be used for a long-term
implantation [4]. These advantages have prompted many
researchers to develop hydrogel based sensors and smart
systems [3]-[7]. However, the telemetry of the hydrogel's
volumetric response to the external readout system has
mostly been limited to passive LC transponder scheme
whose working distance only spans around 1 cm.

In this work, we propose a ferrogel-based wireless
acousto-biochemical sensing system and demonstrate
wireless pH measurement using the prototype device; the
sensor employs ferrogel (hydrogel embedded with
ferromagnetic particles) as the actuation source for the
movable ferrite core. The on-board ultrasonic energy
harvester converts the incoming ultrasound to electrical
energy, which triggers the LC transponder to emit RF
(radio frequency) signals.

978-0-7381-2562-6/21/$31.00 ©2021 IEEE 855

RESULTS & DISCUSSIONS
Ferrogel-Based Wireless Acousto-Biochemical
Sensor Design

The prototype ferrogel-based wireless acousto-
biochemical sensor operation is illustrated in Fig. 1. The
sensor converts the incoming ultrasonic waves to RF
signal, which contains the frequency component
corresponding to the resonance frequency of the LC
transponder. The LC transponder is capable of pH sensing
through pH sensitive acrylamide-based hydrogel
embedded with ferromagnetic particles (ferrogel). The
inclusion of the ferromagnetic particles enables the ferrogel
to be attached to a ferrite rod by amagnet. The pH sensitive
hydrogel used in our study is acrylamide-co-methacrylic
acid hydrogel; the pKa of methacrylic acid is around 4.8,
hence the carboxyl groups ionize in basic pH, resulting in
electrostatic repulsion between the chains and the hydrogel
expansion. The volumetric response to the pH of the
ferrogel is then translated to the displacement of the ferrite
rod, which modulates the inductance of the solenoid and
hence the resonant frequency of the LC transponder.

Figure 1. Schematic illustration of the ferrogel-based
wireless acousto-biochemical sensor

Ferrogel Synthesis and Device Fabrication
The device fabrication process is outlined in Fig. 2a-e.

Firstly, the recipe for the ferrogel synthesis is based on
previous publications [5], [6]. Briefly, we added 2.8 g of
acrylamide, 830 aO of N,N,N' ,N' - tetramethyl-
ethylenediamine, 840 aO of methacrylic acid, and 136 mg
ofN, N'-methylenebisacrylamide to 10 ml ofDI water (all
reagents were purchased from Sigma Aldrich, USA),
followed by the addition of 1.5 g of iron (II, III) oxide
(Daejung Chemical, South Korea). The initiator solution
was prepared by dissolving 80 mg/ml ammonium
persulfate (Daejung Chemical, South Korea). The pregel
solution and the initiator solution were mixed in a 6: 1 ratio
to form the ferrogel (Fig. 2a). The mixed solution was then
poured into a polycarbonate petri dish and left to
polymerize for 10 minutes (Fig. 2b). After polymerization,
we equilibrated the ferrogel in pH 4 solution; afterwards
we cored out the cured ferrogel using a 1.5 mm diameter
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ELRSV\�SXQFK�DV�VKRZQ�LQ�)LJ���F��7HG�3HOOD��86$���)LJ��
�G� VKRZV� WKH� PLFURVFRSH� LPDJH� �/HLFD� 0=��)�� RI� WKH�
IHUURJHO�FRUH���

7KH�H[SORGHG�YLHZ�RI�WKH�VHQVRU�LV�VKRZQ�LQ�)LJ���H��
7R�DVVHPEOH� WKH�VHQVRU��ZH�ILUVWO\�SUHSDUHG�D��'�SULQWHG�
VKHOO�WKDW�LV�����PP�LQ�OHQJWK�DQG�����PP�RXWHU�GLDPHWHU�
DQG�����PP�LQQHU�GLDPHWHU��7KH�FODGGHG�FRSSHU�ZLUH�ZDV�
WKHQ�ZUDSSHG�DURXQG�WKH�F\OLQGHU�WR�IRUP�D�VROHQRLG��,QWR�
WKH�VROHQRLG��ZH�LQVHUWHG�DQ�DVVHPEO\�RI�IHUURJHO�PDJQHW�
IHUULWH�URG��)LJ���I���7KH�PDJQHWLF�IRUFH�KROGV�WRJHWKHU�WKH�
DVVHPEO\�WRJHWKHU��)LQDOO\��WKH�HQG�RI�WKH�F\OLQGULFDO�VKHOO�
LV�KDOI�VHDOHG�ZLWK�D�89�FXUDEOH�UHVLQ�WR�SUHYHQW�IHUURJHO�
OHDNDJH�ZLWKRXW� FRPSOHWHO\� LQKLELWLQJ� VROXWLRQ� H[FKDQJH�
�)LJ���J����7KH��'�SULQWHG�VKHOO�DOVR�KDV�SRUHV��GLDPHWHU�RI�
���� ȝP�� RQ� WKH� VLGH� WR� IXUWKHU� IDFLOLWDWH� WKH� VROXWLRQ�
GLIIXVLRQ�LQWR�WKH�IHUURJHO�WR�LPSURYH�ERWK�VHQVLWLYLW\�DQG�
WKH�UHVSRQVH�WLPH�RI�WKH�VHQVRU��)LJ���K���7KH�SKRWRJUDSK�
RI�WKH�VHQVRU�LV�VKRZQ�LQ�)LJ���L����
�

�
)LJXUH� ��� )HUURJHO� V\QWKHVLV� DQG� VHQVRU� IDEULFDWLRQ�� �D��
)HUURJHO�V\QWKHVLV��E��&XULQJ�IHUURJHO�LQ�D�PROG��F��&RULQJ�
RXW�IHUURJHO�F\OLQGHU��G��0LFURVFRSH�LPDJH�RI�WKH�IHUURJHO�
FRUH� �H�� ([SORGHG�YLHZ� RI� WKH� VHQVRU� DVVHPEO\� �I��
PLFURVFRSH� LPDJH� RI� WKH� IHUURJHO�PDJQHW�IHUULWH� URG�
DVVHPEO\�LQ�WKH�F\OLQGULFDO�VKHOO���J��7KH�VLGH�YLHZ�LPDJH�
RI� WKH� VHQVRU�ZLWK� WKH� UHVLQ�FRYHULQJ�KDOI�RI� WKH�F\OLQGHU�
HQG���K��PLFURVFRSH�LPDJH�RI�WKH�SRUHV�ZLWK�D�GLDPHWHU�RI�
����ȝP���L��SKRWRJUDSK�RI�WKH�DVVHPEOHG�VHQVRU���
�
)HUURJHO�6ZHOOLQJ�%HKDYLRU�&KDUDFWHUL]DWLRQ��

7KH�LQFOXVLRQ�RI�WKH�IHUURPDJQHWLF�SDUWLFOHV�WR�WKH�S+�
VHQVLWLYH� K\GURJHO� LV�ZKDW� HQDEOHV� WKH�PDJQHWLF� IRUFH� WR�
KROG�WKH�FRUH�DVVHPEO\�RI�IHUURJHO��PDJQHW��DQG�IHUULWH�URG�
WRJHWKHU�� WKXV�� WKH� FRQFHQWUDWLRQ� RI� WKH� IHUURPDJQHWLF�
SDUWLFOHV� VKRXOG� EH� VXIILFLHQWO\� KLJK� IRU� WKH� IHUURJHO� WR�
UHPDLQ� DWWDFKHG� WR� WKH� PDJQHW� WKURXJKRXW� YROXPH�
H[SDQVLRQ�UHGXFWLRQ�� 0HDQZKLOH�� WKH� H[FHVVLYH�
IHUURPDJQHWLF�SDUWLFOH�FRQFHQWUDWLRQ�FDQ� OHDG� WR� OHDFKLQJ�

DQG�GHWHULRUDWLRQ�RI�WKH�YROXPHWULF�UHVSRQVH���
7KH�H[SHULPHQWDOO\�GHWHUPLQHG�YDOXH�IRU�WKH�RSWLPDO�

IHUURPDJQHWLF� SDUWLFOH� FRQFHQWUDWLRQ� ZDV� ��� Z�Y�
SHUFHQWDJH�� ZKHUH� WKH� PDJQHWLF� LQWHUDFWLRQ� LV� VWURQJ�
HQRXJK�ZLWKRXW�DGYHUVHO\�DIIHFWLQJ�WKH�VZHOOLQJ�EHKDYLRU��
)LJ�� �D�G� VKRZ� WKH� PLFURVFRSH� LPDJHV� RI� WKH� IHUURJHO�
F\OLQGHU��LQLWLDO�GLPHQVLRQ�RI�����PP�LQ�OHQJWK�DQG�����PP�
LQ�GLDPHWHU���7KH�IHUURJHO�GLPHQVLRQV�H[KLELWHG� LVRWURSLF�
VZHOOLQJ� EHKDYLRU�� ZKLFK� ZDV� ILWWHG� ZLWK� D� %ROW]PDQQ¶V�
VLJPRLGDO�HTXDWLRQ� �UHG� OLQH��ZLWK� WKH� WUDQVLWLRQ�S+�RI���
DQG�D�VZHOOLQJ�UDWLR�RI������WKH�VZHOOLQJ�UDWLR�LV�FRQVLVWHQW�
ZLWK� WKH� SUHYLRXV� UHSRUWV� >�@��� +RZHYHU�� ZH� REVHUYHG� D�
GLVFUHSDQF\�EHWZHHQ�WUDQVLWLRQ�S+�RI�WKH�IHUURJHO�DQG�WKH�
LRQL]DWLRQ�S+�RI� WKH�PHWKDFU\OLF�DFLG�JURXS� �S.D� �������
ZKLFK�GULYHV�WKH�VZHOOLQJ�RI�S+�VHQVLWLYH�K\GURJHO�WKURXJK�
WKH� LQFUHDVHG� HOHFWURVWDWLF� UHSXOVLRQ� EHWZHHQ� LURQL]HG�
JURXSV��:H� WHQWDWLYHO\�DVVLJQ� WKLV� WR� WKH� LQFOXVLRQ�RI� WKH�
LURQ� �,,�� ,,,�� R[LGH� SDUWLFOHV� LQWHUDFWLQJ� ZLWK� WKH� LRQL]HG�
JURXS� DQG� SHUKDSV� DQ� LQFUHDVHG� HOHFWURVWDWLF� VFUHHQLQJ�
HIIHFWV�RI�WKH�FKDUJHG�SDUWLFOHV��ZKLFK�ZLOO�UHTXLUH�D�IXUWKHU�
LQYHVWLJDWLRQ��1HYHUWKHOHVV��ZH�H[SHULPHQWDOO\�FRQILUPHG�
WKDW�WKH�LQFOXVLRQ�RI����Z�Y��RI�LURQ��,,��,,,��R[LGH�GRHV�QRW�
GHFUHDVH�WKH�VZHOOLQJ�UDWLR�IRU�K\GURJHO���

�

�
)LJXUH� ��� 6ZHOOLQJ� EHKDYLRU� RI� WKH� IHUURJHO�� �D�G��
0LFURVFRSH�LPDJHV�RI�WKH�IHUURJHO�F\OLQGHU�LQ�GLIIHUHQW�S+�
VROXWLRQV��H��)UHH�VZHOOLQJ�FXUYH�RI�WKH�XQFDJHG�IHUURJHO���
�
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biopsy punch as shown in Fig. 2c (Ted Pella, USA). Fig.
2d shows the microscope image (Leica MZ1OF) of the
ferrogel core.

The exploded view of the sensor is shown in Fig. 2e.
To assemble the sensor, we firstly prepared a 3D printed
shell that is 7.5 mm in length and 2.1 mm outer diameter
and 1.4 mm inner diameter. The cladded copper wire was
then wrapped around the cylinder to form a solenoid. Into
the solenoid, we inserted an assembly of ferrogel-magnet-
ferrite rod (Fig. 2f). The magnetic force holds together the
assembly together. Finally, the end of the cylindrical shell
is half-sealed with a UV curable resin to prevent ferrogel
leakage without completely inhibiting solution exchange
(Fig. 2g). The 3D printed shell also has pores (diameter of
350 aP� on the side to further facilitate the solution
diffusion into the ferrogel to improve both sensitivity and
the response time of the sensor (Fig. 2h). The photograph
of the sensor is shown in Fig. 2i.

Figure 2. Ferrogel synthesis and sensor fabrication. (a)
Ferrogel synthesis (b) Curingferrogel in a mold (c) Coring
out ferrogel cylinder (d) Microscope image ofthe ferrogel
core (e) Exploded-view of the sensor assembly (f)
microscope image of the ferrogel-magnet-ferrite rod
assembly in the cylindrical shell. (g) The side view image
of the sensor with the resin covering half of the cylinder
end. (h) microscope image ofthe pores with a diameter of
350 fl.m. (i) photograph ofthe assembled sensor.

Ferrogel Swelling Behavior Characterization
The inclusion of the ferromagnetic particles to the pH

sensitive hydrogel is what enables the magnetic force to
hold the core assembly of ferrogel, magnet, and ferrite rod
together; thus, the concentration of the ferromagnetic
particles should be sufficiently high for the ferrogel to
remain attached to the magnet throughout volume
expansion/reduction. Meanwhile, the excessive
ferromagnetic particle concentration can lead to leaching
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and deterioration of the volumetric response.
The experimentally determined value for the optimal

ferromagnetic particle concentration was 15 w/v
percentage, where the magnetic interaction is strong
enough without adversely affecting the swelling behavior.
Fig. 3a-d show the microscope images of the ferrogel
cylinder (initial dimension of 2.6 mm in length and 1.5 mm
in diameter). The ferrogel dimensions exhibited isotropic
swelling behavior, which was fitted with a Boltzmann's
sigmoidal equation (red line) with the transition pH of 6
and a swelling ratio of 1.7 (the swelling ratio is consistent
with the previous reports [5]). However, we observed a
discrepancy between transition pH of the ferrogel and the
ionization pH of the methacrylic acid group (pKa = 4.8),
which drives the swelling ofpH sensitive hydrogel through
the increased electrostatic repulsion between ironized
groups. We tentatively assign this to the inclusion of the
iron (II, III) oxide particles interacting with the ionized
group and perhaps an increased electrostatic screening
effects of the charged particles, which will require a further
investigation. Nevertheless, we experimentally confirmed
that the inclusion of 15 w/v% of iron (II, III) oxide does not
decrease the swelling ratio for hydrogel.

Figure 3. Swelling behavior of the ferrogel. (a-d)
Microscope images ofthe ferrogel cylinder in different pH
solutions (e) Free swelling curve ofthe uncagedferrogel.

Subsequently, we characterized the swelling behavior
of the ferrogel inside of the cylindrical tube, since the
swelling might be anisotropic as the radial expansion is
prohibited by the 3D printed shell. Fig. 4a-c show the
microscope images of the ferrogel/magnet/ferrite core in
the outer tube at different pH levels. The ferrogel
dimensions (outlined by the white dashed box) increases
with the increasing pH, as expected. The expanding
ferrogel also pushes the ferrite core into the solenoid to
modulate the inductance of the solenoid (the blue bar
indicates the length of the ferrite rod outside of the solenoid
and the red bar indicates the length of the ferrite rod inside
of the solenoid). The inductance of the solenoid as a
function of the core insertion length x is given as below,

L(x) = La . (1 + fl.r ::) (1)
I

where Lois the inductance of the solenoid with the air-core,
fl.r is the relative permeability of the ferrite core, and 1is the
total length of the solenoid. The resonance frequency of the
sensor is then related to the core insertion length x by the
equation below.

f - _1_ - _1_ (L . (1 + ::))-1/2 (2)
- 2rr{fZ - 2rr{C a fl.r I

Since x « 1, Taylor expansion of the equ. 2 yield equ. 3,
where the shift in the resonant frequency is a linear function
of the insertion length.
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1 x fax (3)
jj f = f - fa "" fa (1 - "2 . J1r I) - fa = - 2 . J1r I
The obtained swelling ratio in the axial direction and

the insertion length of the ferrite rod is plotted in Fig. 4d
and 4e, respectively. The swelling ratio of the ferrogel in
the tube, also, was similar to the free swelling, in part,
because the initial diameter of the ferrogel core was cut
smaller than the tube diameter, allowing the radial
expansion. We note that this is also important for the
reversibility of the swelling as the clamped swelling tends
to result in strain build-ups that compromises complete
reversibility.

Figure 4. Swelling behavior of the ferrogel in the sensor
(a-c) Microscope images of the ferrogel caged in the
polymeric shell (the ferrogel is outlined by a dashed white
line) at different pH. The color bar below the sensor
indicates the length ofthe ferrite rod in (red) and out (blue)
ofthe solenoid. (d) Swelling curve ofthe cagedferrogel. (e)
Insertion length of the ferrite core to the solenoid as a
function ofpH

Wireless Biochemical Ferrogel Sensor
Characterization

After establishing the ferrogel swelling and the ferrite
core insertion into the solenoid under varying pH levels, we
tested the sensor's resonance shift using a well-established
phase-dip method [6] for wireless interrogation. The
experimental setup is shown in Fig. 5a. The assembled
sensor was placed in a 50 ml conical tube; a readout COlI
was wrapped around the tube and was connected to a
network analyzer (ZND, Rohde & Schwarz, Germany).
The pH response of the sensor was taken with the network
analyzer after the ferrogel equilibrated after the solutIOn
exchange. The baseline corrected phase graphs for
different pH showed clear pH dependent red-shift (Fig. 5b).
We obtained the resonant frequency of the sensor by fitting
Lorentzian curves to the baseline corrected phase graphs.
The resulting resonant frequency of the wireless
biochemical ferrogel sensor and the ferrite core insertion
length are plotted as a function ofpH (Fig. 5c). The ferrogel
sensor's resonant frequency closely follows the core
insertion length and the swelling curve, with a sharp
transition pH of 6, consistent with the swelling data,
obtained from the Boltzmann sigmoid curve fitting.

Finally, we carried out the wireless interrogation of the
sensor using ultrasonic excitation of the RF signals (Fig.6a).
We placed the sensor in a water tank under an ultrasonic
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transducer (TXH-1-75, Precision Acoustics, UK). The
transducer was driven at its resonant frequency of 1 MHz
in a burst mode using a function generator (AFG1022,
Tektronix, USA) connected to an RF amplifier (240L, E&I,
USA). A custom 3D printed holder was used to align the
transducer with the wireless ferrogel sensor 8 cm apart
corresponding to the focal length of the transducer. Under
the ultrasonic pulses, the ultrasonic receiver outputs
electrical power to the LC transponder, which emits the RF
signal corresponding to its resonant frequency. The emItted
RF signal was measured with a coil connected to an
AD600-based broadband amplifier.

Figure 5. Verification ofthe wireless biochemical ferrogel
sensor (a) Experimental setup (b) Baseline-corrected
phase vs. frequency at different pH (c) Resonant frequency
of the ferrogel sensor and the core insertion length as a
function ofpH showing a sharp transition at pH 6

A representative voltage trace when the voltage output
of the piezoelectric receiver directly measured with an
oscilloscope is shown in Fig. 6b. We observed the receiver
voltage output (blue trace, Fig. 6b) with a time delay of 56
aV after the transducer input voltage was applied, which
corresponds to 8 cm assuming 1450 m/s sound velocIty m
water. This time delay confirms that the origin of the
voltage is from the applied ultrasound. With the
appropriate selection of the ultrasonic intensity, we camed
out the RF signal measurements under ultrasomc excItatIOn.
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Fig. 6c show representative time trace of the RF signal
transmitted from the sensor's LC transponder. The
observed time delay of 56 aV between the ultrasonic
excitation (at t = 0 aV� and the received RF signal strongly
indicates that the source of the RF signal is indeed from the
ferrogel sensor. We also observed that the RF signal
strength decays further away from the sensor. With the
proper selection of the AD600 amplifier gain, we were able
to detect RF signals 10 cm away from the sensor (Fig. 6c).
Moreover, the FFT spectra of the received signal contains
a frequency component closely matching the resonance of
the LC transponder indicating that the sensor is capable of
wireless pH sensing over a distance of 10 cm.

Figure 6. Wireless biochemical ferrogel sensor
interrogation through ultrasonic excitation ofRF signal (a)
Experimental setup (b) Representative receiver output
trace (c) Representative RF signalfollowing the ultrasonic
excitation at different distance between the sensor and the
RF receiver coil

CONCLUSIONS
In this work, we developed and demonstrated a

ferrogel based wireless pH sensor; the sensing element is
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composed of the assembly of ferrite rod/magnet/ferrogel
that modulates the inductance of the solenoid and hence the
resonant frequency of the LC transponder. The pH
response of the ferrogel pH sensor closely matches the
volumetric response of the pH sensitive hydrogel
exhibiting Boltzmann sigmoid transition behavior from the
ionization of the methacrylic acid. We also verified the RF
transmission from the sensor under ultrasonic excitation
with the sensing distance> 10 cm. Here we note, however,
that we were not able to measure pH change in-situ using
the ferrogel sensor due to the large volume of the water
tank. Nevertheless, given the minute size of the sensor, <
10 mm in length and 2 mm in diameter, and the long
working distance> 10 cm, the ferrogel pH sensor appears
to be promising in wireless biochemical sensing
applications with further development. Moreover, the
sensor can be made to be sensitive to other biochemical
parameters by changing the adopting different hydrogel
composition.
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