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a b s t r a c t
Optogenetic neuromodulation is a powerful technique used to study cells that form part of neuronal
circuits. Light stimulation of neurons has led to a deeper understanding of autism, schizophrenia and
depression. However, researchers are often limited to tethered systems involving percutaneous plugs,
hence, wireless power transmission to an implantable device is desirable. This work details the design,
fabrication and testing of multichannel wirelessly powered optogenetic devices. By employing several
carefully tuned resonant tank circuits, this work demonstrates the ability to address a scalable number of light sources on a single device. Single channel, dual channel and 16 channel devices were
fabricated, achieving light output readings of up to 15mW at 473nm, suitable for activating channelrhodopsin. Wireless power transmission was characterized in air and porcine tissue for implant depths
up to 30mm, making device implantation feasible. The device was successful in activating endogenous
(in retinal ganglion cells) and exogenously transfected channelrhodopsin in human embryonic kidney
cells, providing biological validation. The signiﬁcance of this approach is the removal of power-hungry
and area-consuming electronics from the implant, while the ability to address and modulate individual
light sources is maintained by shifting this complexity to the external wireless power transmitter.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Optogenetics is an emergent ﬁeld that has been developing
rapidly for the past ten years. The ability to control cells precisely using light has permitted researchers to interrogate what
were previously mysterious neuronal circuits. Advancements have
included a deeper understanding of the neurological bases for sleep
[1], depression [2] and Parkinson’s disease [3]. For the most part,
channelrhodopsin-2 (ChR2) and halorhodopsin (NphR) proteins
sensitive to blue and yellow light respectively, have been popular as
they allow cells to be activated or silenced with high spatiotemporal
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resolution [4]. Thus, techniques for delivering these wavelengths of
light to cells are desirable.
Most light delivery techniques rely on tethered systems, which
permit the delivery of signiﬁcant optical power. This can involve
either a percutaneous ﬁber optic cable [5] or a wired micro-LED
[6]. It is desirable to demonstrate devices of implantable size that
can be wirelessly powered as they are a step closer towards using
optogenetic strategies to manage disease in humans. Montgomery
et al. [7] have demonstrated a single-channel wirelessly powered
implant, to activate ChR2 expressed in a mouse model and Park et al.
[8] extend the concept [7] by creating an addressable dual channel implant, also veriﬁed in a mouse model. Both approaches use
microwave frequency signals, above 1GHz, to power their devices.
Shin et al. [9] report a 10mm diameter ﬂexible and fully implantable
device that is powered at 13.56 MHz, reducing the transmission frequency, which can be desirable, as higher frequencies are more
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Fig. 1. Multi-resonant coil electronic schematic. The transmitter is tuned to the same resonant frequency as one of the receiving devices.

likely to cause tissue heating [10]. This work extends previous
approaches [9] by demonstrating that several coils can be tuned
to receive at different frequencies to fabricate a device with several
channels. Several electronic designs have been proposed to address
the need for wirelessly powered optogenetic stimulators. An example is where an inductive power link to an integrated circuit drives
an array of light sources [11]. Although such designs are powerful,
they are typically unavailable to the research community due to the
requirement of a custom integrated circuit. Most other demonstrations involve a wirelessly powered head borne device on a mouse
[12–14].
Optogenetic light sources need to meet several design requirements to be effective. Light intensity needs to be sufﬁcient to
activate cells, the light source needs to be modulated and ideally,
several addressable light channels need to be made available [15].
This work describes a novel wireless power technique to meet these
needs that removes power-hungry and area-consuming electronics
from the implantable device. Furthermore, readily available components are used. The need for varying intensity is met by changing
the amplitude of the wireless power signal. By modulating the
transmitted signal, the light source is modulated in turn. Individual light sources are addressed by tuning each receiving channel
to a different frequency, meaning the transmitter activates a light
source by varying its carrier frequency. The design equations, fabrication, measurement results and in-vitro cell studies are detailed
in this work.

is the inductance of the coil and RL is the parasitic series resistance
of the inductor at a given frequency.
QL =

2fL
RL

(1)

A desired resonant frequency is chosen, denoted as fRES in Eq.
(2), which permits calculation of the matching capacitor CRX1 .
fRES =

2



1

(2)

LRXN CRXN

QPAR denotes the parallel resonant quality factor of the tank circuit
and is different to QL . A high QL is required to ensure effective wireless power reception, whereas a high QPAR is required for narrow
frequency selectivity. VLED and ILED denote the voltage and current
operating point of the LED used.
QPAR

VLED
=
ILED



CRXN
LRXN

(3)

LRX1 receives maximum power at fRES and half the amount of power
at fLOW and fHIGH , which are calculated using Eqs. (4) and (5). The
other devices are then tuned such that their resonant frequency is
spaced apart from fLOW and fHIGH meaning they cannot be activated
when the transmitter is tuned to fRES for LRX1 . This design procedure
is then repeated for n devices up to LRXN .
fLOW = fRES −

fRES
2QPAR

(4)

2. Materials and methods

fHIGH = fRES +

fRES
2QPAR

(5)

2.1. Design principal and equations

CSMOOTH is a less critical value and is chosen such that fRES is ﬁltered out, while any modulation in the transmitted signal, denoted
by fMOD is maintained. Hence, CSMOOTH must fall into the bounds
shown in equation 6.

Fig. 1 depicts an overview of the wireless n-channel optogenetic system and Eqs. (1) and (9) outline the design parameters.
On the transmitter side a signal generator feeds an ampliﬁer that
drives a series-resonant LC tank circuit formed by LTX and CTX1 ,
CTX2 to CTXN . Jegadeesan & Yong-Xin identify that the series resonant topology on the transmitter side improves power transfer
efﬁciency and that a parallel resonant tank on the receiving side is
suitable for lower frequencies and larger loads, which is the case
herein [16]. Hence, each receiving device contains a parallel resonant tank circuit formed by LRXN and CRXN . The parallel tank serves
two purposes: to receive power at a given transmission frequency
and to act as a band pass ﬁlter to stop other frequencies powering
up the device. The Schottky diode rectiﬁes the incoming AC signal
and CSMOOTH removes the carrier frequency, while maintaining any
frequency modulation present in the signal. This in turn drives the
LED on the output.
To transmit and receive power efﬁciently LRX1 must have high
quality factor, denoted QL . This is calculated using Eq. (1), where L

fMOD <

ILED
< fRES
2VLED CSMOOTH

(6)

Once the number of devices condition is satisﬁed, LTX and several
capacitor values denoted by CTX1 , CTX2 . . . CTXN are chosen such that
the transmitter can match the resonant frequency of any receiving
device. The circuit simulation software SPICE can then be used to
verify channel spacing, power output and LED modulation.
fRES =

2



1

(7)

LTX CTXN

2.2. Fabrication and testing process
Single channel, dual channel and 16 channel devices were fabricated for testing. Each receiving coil was wound around a 2 mm

A. Aldaoud et al. / Sensors and Actuators A 271 (2018) 201–211

203

Fig. 2. a) 3D rendering of component layout for a single channel receiver b) Side-view of 16 channel device showing inductive coils c) Single channel and dual channel
devices.

coil former with 0.5 mm diameter enameled copper wire. Each
printed circuit board was milled using T-tech tools Quick Circuit
Prototyping Systems. Single channel, dual channel and 16 channel
boards measured 5 mm by 2.5 mm, 5 mm by 5 mm and 11 mm by
18 mm respectively. LRXN varies between 8 and 20 turns and the
corresponding inductance was approximated using Eq. (8) [17].
L ≈ N 2 0

 D    8D 
2

ln

d



−2

(8)

Where N is the number of turns, D is the loop diameter, d is the
diameter of the wire and 0 is the permeability of free space. An
alternate equation for the inductance of a solenoid is given by equation 9.
L≈

N 2 0 D2
4h

(9)

Where h is the height of the solenoid and the other quantities are
as previously deﬁned. CRXN varies in value from 910 pF to 1200 pF
and are 0402 sized (1mm by 0.5 mm) surface mount devices with
NP0 dielectric. LRXN and CRXN were chosen based on the design
equations speciﬁed previously. The Schottky diodes used were
MMDL301T1G fast switching silicon hot-carrier diodes, which are
capable of forward currents of up to 100 mA while maintaining a
low forward voltage drop. CSMOOTH is a 0402 NP0 1nF capacitor and
the LEDs chosen are also 0402 sized. 473 nm blue LEDs and 590 nm
yellow LEDs were chosen, operating at VLED = 2.8 V, ILED = 5 mA and
VLED = 2 V, ILED = 20 mA respectively. Fig. 2 depicts the component
layout of a single channel on a printed circuit board, as well as two
single channel, two dual channel and one 16 channel device.
The signal generator used was a Rigol DG4162, which fed an LZY22+, 0.1–200 MHz ampliﬁer with 43 dB gain from Mini-Circuits.
The output power of the signal generator was measured using
an RF power meter called a SynthNV from WindFreak Technologies, permitting the transmitter output power to be calculated. The
transmitting coil was made by winding four turns of 1 mm diameter
enameled copper wire around a 30 mm diameter coil former. This
was connected in series with a switched capacitor bank of values
47 pF, 68 pF, 82 pF and 100 pF. Layers of 1.1 mm glass slides were
used to separate the transmitting coil and the receiving device. The
light output power of the LEDs was measured using a Field Max
laser power meter from Coherent. Measurements were taken in
a dark room and the LED was placed as close to the light output
power sensor as possible. The transmitted carrier signal was square
wave modulated at 2 H, 5 Hz, 10 Hz and 20 Hz. A photodiode was
connected to an LM358 operational ampliﬁer circuit and powered
by a 5V supply. The photodiode was placed near the powered LED
and a Lecroy 6100 A oscilloscope was used to measure the voltage
change on the output of the operational ampliﬁer with respect to
time. Post processing of the time domain signal from the oscilloscope was done in MATLAB. The test set up used is depicted in Fig. 3.
Power output, modulation and channel selectivity were measured

and veriﬁed. All measurements were repeated with the volume
between the transmitting coil and device replaced with porcine
tissue, with the devices embedded in porcine tissue to simulate
device implantation. The inﬂuence of angular displacement was
also monitored.
2.3. Quality factor measurement process
Quality factor measurements were taken for each receiving coil,
as well as each resonant circuit in each channel. To characterise
each receiving inductor LRX , separate identical coils were fabricated
with 7, 8, 11, 12, 16 and 20 turns using a 2 mm coil former. The
coils were connected in parallel to a 470 pF reference capacitor and
an SMA connector. A signal generator was conﬁgured with a 50 
source impedance and used to drive the parallel resonant LC tank
and the voltage across the LC tank was measured with an oscilloscope. High impedance AC coupling was used to avoid loading the
resonator. Moreover, the oscilloscope input was bandwidth limited
to avoid harmonic inﬂuence on the measurement. The quality factor of the capacitor is assumed to be orders of magnitude higher
than the inductor. Hence, the quality factor of the parallel LC tank
formed with the 470 pF reference capacitor was taken to be QL of
Eq. (1). The signal generator frequency was varied until the maximum peak to peak voltage was seen on the oscilloscope, indicating
resonance. Then, the inductance of the coil was calculated using Eq.
(2). The upper and lower frequencies, fH and fL at which the maximum voltage became attenuated by 3dB were also recorded. The
coil quality factor was then calculated using Eq. (10). The measurement process was repeated for all coils in air, as well as in porcine
tissue.
Q =

fRES
fH − fL

(10)

QPAR was then measured using two different methods. Eq. (3) was
used to calculate QPAR using the measured inductance LRX . Measurement results for QPAR were also veriﬁed with the same process
used to measure QL and Eq. (10).
2.4. Simulation process
Electromagnetic simulation software was used to determine
how the wireless link heats tissue. A volume of muscle tissue measuring 100 mm by 100 mm by 50 mm was created in the simulation
software CST Microwave Studio® . Four turns of 1mm diameter wire
with an inner diameter of 30 mm was placed 1mm above the tissue
volume. Simulations were run for frequencies between 5 MHz and
25 MHz in 5 MHz steps. The input power to the coil was increased at
each frequency step until a speciﬁc absorption rate (SAR) threshold
was reached. The SAR safety limit was taken as 1.6W/kg averaged
over 1 g of tissue [18].
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Fig. 3. a) Experimental setup used to test light output power, modulation and channel selectivity of optogenetic devices. Devices were tested in air and porcine tissue.

Fig. 4. Electrophysiological set up conﬁguration used for in-vitro cell testing. The
transmitting coil can be seen around the recording chamber whereas the receiving
device is under the cover slip.

then patch-clamped with a recording glass pipette ﬁlled with 6.5 L
of 90% potassium gluconate, 5% energy cache, 2.5% biocytin and 2.5%
Alexa Fluor (Thermo Fisher Scientiﬁc Inc.). The impedance of the
recording pipette was 6 M. Once a quality recording was established, the single channel device was modulated at 0.5 Hz, 1 Hz and
2 Hz. Following the recording, superfusion was stopped and 1.5 l
of 10 mM sulforhodamine 101 was added to the recording chamber. The recorded RGC was imaged with a confocal microscope and
the morphology was reconstructed with depth imaging. All animal
experiments were conducted as per the policies of National Health
and Medical Research Council of Australia and were approved by
the Animal Ethics Committee of the University of Melbourne.
A dual channel device was tested using Human Embryonic Kidney cells. (HEK)-293 cells were grown on 9 mm glass coverslips
in DMEM in the presence of 10% fetal calf serum, penicillin and
streptomycin [4]. Cells were then transfected with pAAV-EF1ahChR2(H134R)-EYFP using calcium chloride. Two days later, the
cells were studied using patch-clamp electrophysiology with a dual
channel device mounted under the cover slip. The transmitter was
driven with a 13.4 MHz and 15.6 MHz carrier to drive the yellow
and blue LEDs respectively and modulated at 1 Hz, 2 Hz, 5 Hz and
10 Hz for each colour. The cell response was recorded.

2.5. In-vitro cell testing
3. Results
Whole cell recordings of a retinal ganglion cell (RGC) were performed using the current-clamp technique described previously
[19–22], shown in Fig. 4. In brief, an adult rat was anaesthetized
with a mixture of Ketamine (100 mg/kg) and Xylazine (10 mg/kg).
After enucleation, the rat was killed with an intracardiac injection
of Letherbarb (1ml). The retina was then dissected, ﬂat-mounted
with RGC side up on a glass coverslip, placed in a recording chamber
and superfused (3–8 ml/min) with carbogenated Ames’ medium at
room temperature. A single channel device was mounted under
the cover slip and the transmitting coil was mounted around the
recording chamber prior to patch clamping. To obtain a whole cell
recording a sharp glass pipette was used to make a hole in the inner
limiting membrane to expose the RGC to be tested. The RGC was

3.1. Inductance and quality factor
Fig. 5 depicts the inductance and quality factor of each receiving
coil. Eqs. (8) and (9) are both used to calculate the inductance of a
solenoidal coil for comparison. Eqs. (8) and (9) overestimate and
underestimate the measured inductance, respectively. The quality
factor of each coil declines as the number of turns is increased. From
Eq. (1), this means that extra turns are contributing more series
resistance than inductive reactance to the total impedance of the
coil. The coil characterization results did not differ in porcine tissue
by more than 3%. Hence, the results are taken to be the same in air
and porcine tissue.
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Fig. 5. Left) Measured and calculated inductance of receiving coils, LRX . Coils are of diameter 2 mm with 7, 8, 11, 12, 16 and 20 turns. ‘Calculated 1’ and ‘Calculated 2’ are
obtained using Eqs. (8) and (9) respectively. Right) Measured quality factor for each coil, denoted QL in Eq. (1). Not to be confused with QPAR in Eq. (3).

3.2. Device characterisation results

in this case, it was channel 11 at 4.38 mW and this value was taken
to be PMAX . All the other channel output powers were normalized
with respect to PMAX to provide a point of comparison. Measurements of LRX, fRES and QPAR were found to differ by no more than
3% when measured in porcine tissue as compared to air. Hence, the
measurements listed are for both air and porcine tissue.

Tables 1–3 describe the parameters for each single channel, dual
channel and 16 channel device. LRX is calculated using equation
eight and in turn, fRES is calculated using equation two. The value
of fRES is also measured by ﬁnding the frequency for which maximum LED brightness is observed. Calculated and measured values
for fRES are compared in each table. QPAR is the quality factor of
the resonant circuit loaded with the LED, indicating the selectivity
of each channel. The POUT /PMAX column of Table 3 was obtained
by the following process. The 16 channel device was placed 5 mm
away from the transmitter coil at an input power of 5 W. The maximum light output power from a single channel was recorded and

3.3. Light output power as a function of distance
The light output power of single channel device 2 is plotted
against the transmission distance in Fig. 6. The transmitted signal
is a sine wave of 20 MHz delivered with varying power as identiﬁed in the ﬁgure legend. A value of light output power in mW/mm2

Table 1
Single Channel Device Parameters.

Device 1
Device 2

Inductor #turns

LRX Calculated (nH)

LRX Measured (nH)

CRX (pF)

fRES Calculated (MHz)

fRES Measured (MHz)

QPAR

7
7

14 or 90
14 or 90

49
49

1200
1000

15.3 or 38.8
16.8 or 42.5

19.0
20.0

15.6
14.3

Table 2
Dual Channel Device Parameters.
Device 1

Inductor #turns

LRX Calculated (nH)

LRX Measured (nH)

CRX (pF)

fRES Calculated (MHz)

fRES Measured (MHz)

QPAR

Yellow (590 nm)
Blue (473 nm)
Device 2
Yellow (590 nm)
Blue (473 nm)

11
11

22 or 223
22 or 223

81
81

1200
910

9.7 or 31
11.2 or 35.6

13.4
15.6

12.2
10.6

8
8

16 or 118
16 or 118

56
56

1200
910

13.4 or 36.3
15.4 or 41.7

16.2
17.8

14.6
12.7

Table 3
16 Channel Device Parameters.
Channel number

Coil #turns

LRX Calculated (nH)

LRX Measured (nH)

CRX (pF)

fRES Calculated (MHz)

fRES Measured (MHz)

QPAR

POUT /PMAX

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

20
20
20
20
16
16
16
16
12
12
12
12
8
8
8
8

40 or 737
40 or 737
40 or 737
40 or 737
32 or 472
32 or 472
32 or 472
32 or 472
24 or 265
24 or 265
24 or 265
24 or 265
16 or 118
16 or 118
16 or 118
16 or 118

230
230
230
230
112
112
112
112
85
85
85
85
81
81
81
81

1200
1100
1000
910
1200
1100
1000
910
1200
1100
1000
910
1200
1100
1000
910

5.4 or 22.9
5.6 or 24.0
5.9 or 25.2
6.1 or 26.4
6.7 or 25.7
7.0 or 26.8
7.3 or 28.1
7.7 or 29.5
8.9 or 29.7
9.3 or 31.0
9.8 or 32.5
10.2 or 34.1
13.4 or 36.3
14.0 or 37.9
14.7 or 39.8
15.4 or 41.7

12.9
13.6
14.2
15.1
14.7
15.4
16.0
17.1
16.8
18.8
18.2
19.1
22.8
24
25.5
26.4

7.2
6.9
6.6
6.3
10.4
9.9
9.4
9.0
11.9
11.4
10.8
10.3
12.2
11.7
11.1
10.6

0.68
0.79
0.77
0.78
0.92
0.98
0.97
0.98
0.98
1
0.99
0.98
0.69
0.67
0.65
0.61
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Fig. 6. Light output power plotted against wireless power transmission distance for a single channel and dual channel device.

Fig. 7. Channel selectivity demonstrated across two, dual channel devices by varying transmission carrier frequency a) 13.4 MHz b) 15.6 MHz c) 16.2 MHz d) 17.8 MHz.

Fig. 8. 16 Channel device channel selectivity a) 15.4 MHz single channel selection b) frequency sweep from 12 MHz to 20 MHz selecting channels 1 to 12 c) frequency sweep
from 12 MHz to 27 MHz selecting channels 1–16.

is often desirable as a point of comparison between various published works. This can be calculated by taking the surface area of
the LED into consideration. Each LED is an 0402 surface mount
device, which is 1mm by 0.5 mm in surface area. Hence, a mW/mm2
value can be obtained by dividing each measured output power by

0.5 mm2 . Results obtained in porcine tissue were close to identical to those obtained using glass slides to separate the device and
transmitter coil, differing by no more than 3%.
The light output power of dual channel device 2 is shown in
Fig. 6. Once again, the 13.4 MHz and 15.6 MHz signals are sine waves

A. Aldaoud et al. / Sensors and Actuators A 271 (2018) 201–211
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Fig. 9. Inﬂuence of misalignment on dual channel and 16 channel devices. Each pair of ﬁgures shows the angular range within which the selected channel remains activated.

Fig. 10. a) Depiction of CAD model used for electromagnetic simulation of transmitting coil above a volume of muscle tissue. At an input power of 25 W at 20 MHz, the
maximum 1g averaged SAR is 1.44 W/kg, which is still below the safety threshold of 1.6 W/kg. b) The continuous input power to the coil required to exceed the safety
threshold for SAR (speciﬁc absorption rate) of 1.6 W/kg averaged over 1 g of tissue.

and a mW/mm2 value can be calculated by dividing the light output
power by 0.5 mm2 . When one carrier frequency and hence, LED is
selected, the other channel is measured to ensure it is off. This is to
conﬁrm that the channel selectivity is sufﬁciently signiﬁcant to stop
the 13.4 MHz signal driving the tank tuned to 15.6 MHz and vice
versa. It was observed that at 10 W input power and at a transmission distance less than 3 mm, signal interference did occur resulting
in both LEDs being activated.
3.4. Channel selectivity
The ability to address individual channels across two, dual channel devices is shown in Fig. 7. The devices are separated from the
transmitting coil by 11mm and the input power is set to 5 W. Each
channel of each device is addressed by transmitting a sine wave of
frequency 13.4 MHz, 15.6 MHz, 16.2 MHz and 17.8 MHz. The corresponding response of each transmitted frequency is pictured from
left to right. The capacitor bank switches are adjusted to allow for
optimum tuning. This is done by observing the LEDs to determine
maximum brightness for a given switch conﬁguration. The resonant
frequency of each channel is spaced enough such that no channel interference is observed. Identical channel selectivity behaviour
was observed with the devices embedded in porcine tissue.
The ability to address multiple channels simultaneously is
shown in Fig. 8, with the 16 channel device. Channels 1–4 are numbered from top right to top left with channel 16 in the bottom left
corner. The device is separated from the transmitter by 5.5 mm.
Channel 6 is addressed by setting the transmitted power and frequency to 5 W and 15.4 MHz. This is depicted in Fig. 8a. A sinusoidal
frequency sweep from 12 MHz to 20 MHz activates channels one to
12 in Fig. 8b and all channels are shown to be working with a sweep

from 12MHz to 27MHz in Fig. 8c. Due to tuning considerations and
varying coil sizes, each light varies in brightness with the frequency
sweep. However, this is solved using an arbitrary waveform that
varies the transmitted power with frequency. Once again, identical
channel selectivity behaviour was observed in porcine tissue.
3.5. Angular displacement
The inﬂuence of angular displacement on power transfer is
depicted in Fig. 9. Fig. 9a and b show a test of a dual channel device.
The device could be turned counter clockwise to 80◦ with the channel remaining activated. This was limited to 70◦ when turning the
device clockwise. A similar test was performed for the 16 channel device as shown in Figs. 9c and d. The dual channel device
demonstrates greater tolerance to angular displacement than the
16 channel device.
3.6. Tissue heating
Fig. 10 depicts how the transmitting coil heats tissue. Fig. 10a
shows the CAD model used with the coil above a volume of muscle tissue. Fig. 10b shows that the safety limit of 1.6 W/kg is only
reached when the transmitting power is much larger than 10 W, the
maximum transmitting power used in this work. This is particularly
evident for a transmitting frequency of 5 MHz, where over 200 W of
input power is required to breach the safety threshold. Fig. 10b also
assumes that the carrier frequency is continuously transmitting.
This is known not to be the case, since modulation is a requirement
of optogenetic systems as depicted in Fig. 11. Therefore, a more
accurate input power threshold can be realised by multiplying the
maximum input power by the reciprocal of the modulation duty
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Fig. 11. Square wave modulation of carrier frequency superimposed onto the photodiode response to the light source for modulation frequencies of 2 Hz, 5 Hz, 10 Hz and
20 Hz. The voltage scale refers to the ampliﬁer input signal, whereas the photodiode response is binary.

cycle. For example, in Fig. 11, the carrier frequency is on 50% of
the time, meaning the duty cycle is 50%, meaning the maximum
input power transmitted by the coil could be doubled before safety
thresholds were reached.
3.7. Frequency response and in-vitro cell study
Light modulation is an essential requirement for optogenetic
experiments and is shown in Fig. 11. The behaviour shown in Fig. 11
was observed for modulation frequencies of up to 1 kHz. Fig. 12
depicts the response of a RGC to a single channel device. The cell
exhibited spontaneous activity when the device was switched off.
When the device was modulated, the RGC responded precisely to
the stimulus such that bursts of action potentials occurred in synchrony with the light stimulus. The activity of the RGC is clearly
in synchrony with the modulated single channel device, indicating
the cell is an ON type cell. Fig. 13 shows the response of HEK-293
cells to a dual channel device. The cells were held at -60 mV and illumination while blue light evoked a robust inward current. This is
consistent with the opening of a light-sensitive, cation-conducting
ion channel. The responses followed repetitive light stimulation at
1–10 Hz (Fig. 13). When the cells were held at positive potentials
the current reversed to outward, consistent with the opening of
a cationic channel. Stimulation with yellow light did not evoke a
response. Removal of the electrode from the cell was also without
effect.
4. Discussion
An optogenetic stimulator needs to provide spatiotemporal
resolution, sufﬁcient light intensity, multiple channels and modulation capability. This work demonstrates that spatial resolution
can be achieved with individual channels spaced as close as 2.5 mm
apart. Power outputs of up to 15 mW are shown, which converts
to 30 mW/mm2 based on the LED surface area. The light output
power at 590 nm is limited compared to that at 473 nm, due to
LED efﬁciency. Several reports describe varying light power density requirements ranging from below 1 mW/mm2 to 10 mW/mm2 ,
being largely dependent on implant location and the light delivery method used [23–26]. Light pulsing requirements are also met
by using modulation on the transmitted sinusoidal carrier wave.
Square wave modulation at 2 Hz, 5 Hz, 10 Hz and 20 Hz was measured with a photodiode and was also shown to work up to 1kHz.
Modulation requirements do not typically exceed 50 Hz in the literature, meaning that the modulation strategy used in this work is
more than sufﬁcient. Testing of a single channel and dual channel
device on RGC and HEK-293 cells, provides biological validation.

The magnetic ﬁeld produced by the transmitter did not appear to
adversely affect the cells. At 5Hz and 10Hz square wave modulation,
the HEK-293 cells did not recover entirely. However, this could be
changed by using pulsed modulation to increase recovery time or
by increasing the light intensity [4], both of which are possible with
the system described in this work. As expected, HEK-293 cells did
not respond to yellow light, providing biological validation of the
channel selectivity feature in Fig. 6. Addressing multiple channels
simultaneously is achieved through multiplexing, but this presents
a limitation. That is, less optical power is available for each individual channel as it is shared between channels. However, if this is
taken into consideration at the design phase, sufﬁcient light output
power can be made available.
All measurements were done in air, as well as in porcine tissue for biological validation and results were found to differ by
no more than 3% in the two media. This is surprising, as electromagnetic ﬁelds and waves are known to interact with tissue.
Nevertheless, the result can be understood by appreciating the subtleties of the experimental setups described in this work. Wireless
power transfer in this work is due to inductive coupling in the
quasi-static magnetic near ﬁeld of the transmitting coil. The relative magnetic permeability of biological tissue is close to unity [27].
Hence, a magnetic ﬁeld sees biological tissue much like it sees air.
However, this is not the case for the frequency dependent relative
permittivity, which is around 100 for muscle in the frequency range
used in this work [28]. Out of all biological media, muscle is used
since it has average electrical characteristics. Due to the high relative permittivity of muscle, the extra parasitic capacitance created
by the surrounding porcine tissue should inﬂuence the resonant
frequency and quality factor measurements. Moreover, the lossy
nature of the parasitic capacitance due to its conductivity should
reduce light output power. Why then, does biological tissue have
such a negligible effect on these variables in these experiments?
There are three probable reasons: CRX is large compared to the parasitic capacitance, the inside of each receiving coil LRX does not
contain porcine tissue and the receiving resonant tank is loaded
with an LED.
The majority of solenoid self-capacitance emerges between
windings, and on the inside of the coil. The capacitance emerging from the outside is much less, in this work likely less than a
1pF based on the measurement results. Even when the coil is surrounded by biological material with relative permittivity of 100,
the increase in parasitic capacitance is negligible compared to the
choice of tuning capacitors that range from 910 pF to 1200 pF. This
explains the limited inﬂuence of porcine tissue on fRES and Q. The
negligible inﬂuence of porcine tissue on light output power can be
understood by appreciating that the LEDs place considerable load

A. Aldaoud et al. / Sensors and Actuators A 271 (2018) 201–211

209

Fig. 12. Retinal ganglion cell morphology and response to light stimuli generated by a single channel device. Left). A confocal reconstruction of the retinal ganglion cell
recorded and labelled with Alexa 488 (green) with the extracellular spaces labelled with Sulforhodamine 101 (red). Right) Recordings of the retinal ganglion cell in response
to light stimulation (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).

Fig. 13. HEK-293 cells were transfected with blue-sensitive opsin for 48 h (left) and studied under patch-clamp. The cells were held at −60 mV and stimulation with blue
light evoked robust inward currents.

Table 4
State of the Art Review.
Reference

Number of channels

Wireless method

Input power

Device mass

Longest device dimension

This work
This work
[7]
[8]
[9]

4
16
1
Up to 3
1

Inductive
Inductive
Radiative
Radiative
Inductive

Up to 10 W
Up to 10 W
4W
<1 W
Up to 12 W

1g
6.5 g
–
33 mg
30 mg

5 mm
20 mm
2 mm
5 mm
10 m

on the resonant receiving tank, in the order of 100 . The loss due
to the surrounding porcine tissue is easily an order of magnitude
or two less than the power consumed by the load.
Angular displacement or coil misalignment has greater effect
with an increase in the number of channels as depicted in Fig. 10.
The dual channel device is slightly more tolerant to counter clockwise angular displacement. In Fig. 10a and b, the left coil is driving
the blue LED, meaning the right coil attenuates the received signal. The same effect can be observed in Fig. 10c and d, and is more
signiﬁcant due to the increased number of coils blocking the signal.
In its current form the device still requires biocompatible
packaging that permits transmission of light. For short term applications, low temperature melting glass or epoxy are likely to sufﬁce
as an encapsulate. For longer term implantation, a previously
reported method of forming hermetic packages from diamond and
gold braze could be suitable [29]. Moreover, receiving coils could be
embedded into the diamond substrate itself [30]. It is known that
diamond has high transmittance in visible wavelengths and causes
negligible immune response making it potentially suitable for this
application [31].
Eqs. (8) and (9) for calculating the inductance of a solenoid differ
by an order of magnitude. However, they do bound the measured

inductances, which can be explained by the origins of each formula.
Eq. (9) assumes that the wire used is an inﬁnitely thin ﬁlament,
which is not the case as the winding thickness is 20% of the coil
diameter [32–33]. Eq. (8) on the other hand is empirical and was
initially devised as an approximation of the inductance of a loop
antenna [17]. As the number of turns increases, Eq. (8) over approximates inductance. Nevertheless, Eqs. (8) and (9) are useful bounds
for approximation.
The different coil sizes mean the power transfer efﬁciency differs for each channel. This is shown by the scaling factor POUT /PMAX
in Table 3. A strategy that could be used to compensate for this
difference is driving each channel with a different input power.
Most signal generators can be programmed to deliver waveforms
of arbitrary amplitude and frequency. This technique was used for
channel selection by varying frequency and can be extended to
include amplitude to provide a constant light output per channel.
Table 4 provides a comparison between this work and other
miniature wireless optogenetic devices. Studies [7,8] demonstrate
that their devices work in home cages, whereas this work focuses
on the design equations used, bench top characterization and invitro cell studies. The wireless system in this work could be used
in a home cage where the coils form part of the platform. Since
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the transmitter coil is 30 mm in diameter, it would take several
coils to cover a reasonable area, increasing power consumption,
although, such a conﬁguration would also reduce SAR dramatically.
The size of the transmitting coil and mass of the devices in this
work means it is likely more suited to a large animal model, where
the animal can wear the coil above its skin, above the location of
the implanted optogenetic device. There are several advantages to
having a wireless link between a wearable coil and an implant.
Infection is less likely to occur since percutaneous wires are not
used [34–36] and transcutaneous wire breakages would not occur.
Furthermore, from a design perspective, this work emphasizes that
variables such as coil quality factor and power transfer efﬁciency
can be traded for an increase in the number of individual channels.
Hence, this work is useful for the optogenetic user, as the implant
design is simple and uses only readily available components. The
techniques described herein provides researchers involved in optogenetics with a tool kit for creating bespoke, multiple wavelength,
implantable, individually tunable devices.
This work describes a multichannel inductively coupled link
for the purposes of wireless optogenetic stimulation. By encoding
light intensity, modulation and channel selection into the transmitted carrier wave, complex electronics are removed from the
implant. Light output power, modulation and channel selection are
all veriﬁed experimentally in various conﬁgurations and biological
settings to demonstrate design efﬁcacy. Moreover, readily available components are used for all aspects of the design, making the
described technique accessible to researchers.
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