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For cardiopathy patients with an implanted cardiac pacemaker, supplying power to the
pacemaker is a challenging problem. In this study, we aim to design a transcutaneous optical
energy transmission system that transmits optical energy from an optical-energy-generating
circuit to a receiving circuit in a human body through the skin to charge the pacemaker’s battery
such that the battery supplies power to the pacemaker continuously. We use 0.5-mm-thick
pigskin to imitate human skin tissue. The light source of the system is a halogen lamp and the
receiver is a solar cell. The beam emitted by a the halogen lamp is transmitted to the solar cell
through the skin generating a photovoltaic effect so as to charge the rechargeable button battery.
As optical energy is received by a four-solar-cell module, we adopt a Zener voltage regulation
circuit and a pure resistance circuit to charge the battery. Experimental data show that if a four-
solar-cell module is used to charge a battery with the voltage regulation circuit, the battery after
62 h of charging stores enough power to operate the pacemaker for 20—35 days. On the other
hand, charging the battery using the pure resistor circuit can reduce the charging time from 62 h
to 14 h for the same number of operation days. If the number of solar cells in parallel is increased
to 12, the charging time for the same number of operation days can be shortened from 14 h to 12
h with the pure resistance circuit. As a result, transcutaneous remote charging is achieved.
Approaches to shorten the charging time and future works are proposed as well.

1. Introduction
1.1 Research motivation

For patients with implanted cardiac pacemakers, the power supply for the pacemaker poses a
challenging issue. The motivation of this study is to solve the charging problem for patients with
implanted pacemakers. In early prototypes, pacemakers were powered by large power
suppliers,() which imposed restrictions on patients’ mobility. With advancements in battery
technology and the introduction of coin batteries, pacemakers can now be powered by a single
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coin battery, eliminating the inconvenience of using bulky power supply equipment in the
previous generation of devices. This improvement simplifies the power supply and enhances the
patients’ mobility. However, because of the limited capacity of the coin battery, the pacemaker
cannot work once the battery is depleted. In other words, if a patient with an implanted
pacemaker has a long lifespan, this person will require surgical procedures to replace the
pacemaker’s battery or upgrade the entire pacemaker once the battery is drained. This increases
the medical costs and introduces associated risks and discomfort during surgery for the patients.
The application of rechargeable coin batteries for powering pacemakers has led to the
development of transcutaneous remote charging technology. A review of the past literature on
transcutaneous remote charging reveals that coil-based energy transmission media were
predominantly used. The system employed a primary coil as the external energy generation
device and a secondary coil as the internal energy receiving device.>3) In the current study, a
transcutaneous optical energy transmission (TOET) system is proposed, where a halogen lamp is
utilized as the transcutaneous optical energy generation medium and a solar cell as the
transcutaneous optical-energy-receiving medium. This system transfers optical energy to charge
a rechargeable coin battery inside the body, which deviates from the employment of coil-based
energy generation and reception media in transcutaneous energy transmission (TET) systems
reported in previous literature.

1.2 Literature review

The use of rechargeable coin batteries in heart rhythm regulators gave rise to transcutaneous
remote charging technology. Looking back at the past literature of percutaneous remote
charging, it can be seen that coils were used as percutaneous energy transmission media, that is,
the primary coil was used as an energy generation device and the secondary coil was in vitro.
This architecture has been extensively studied in the past, such as in the electrohydraulic total
artificial heart system (EHTAH)® and implantable artificial myocardium system.®’ Nowadays,
many forms of remote charging exist, for example, the remote energy transmission mode of
pulsed light® and the remote energy transmission mode of a DC-to-DC converter.) For both
the above two forms, the primary and secondary coils (or winding) are the energy transmission
media used.®)

The methods described above can achieve TET; however, the use of coil energy transmission
still has disadvantages. One is the shielding effect,®) which is a problem of interference in an
electromagnetic environment. If an aluminum can is placed close to the primary and secondary
windings, as the distance between them decreases, the coil’s equivalent resistance will increase.
However, if the primary and secondary coils were covered by an amorphous silicon layer, the
shielding effect of the coil decreased, resulting in a significant reduction in equivalent series
resistance. However, some equivalent series resistance still remains. An energy transmission
system called a transcutaneous transformer was applied in an experiment.(’) According to its
experimental data, with a transmission power of 24 W and a coil separation distance of 0.5 cm,
the power losses resulting from the transdermal transformer, the rectifier circuit, and the control
circuit are about 4, 12, and 6% of the total power, respectively. In other words, there is a power
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loss of about 22% when transcutaneous energy is received, among which the transformer (with
coil parts) accounts for nearly 20%.(7) Consequently, the coil structure and the shielding effect
for transdermal energy transmission lose significant power. Therefore, other energy media must
be investigated for transdermal energy transmission.

2. Transcutaneous Optical Energy Transmission System

The energy transmission, generation, and receiving media of the TOET system used in this
study differ from those of a traditional TET system. The concept of this study is derived from
the transcutaneous optical telemetry (TOT) system.®) To establish a TOET system, the energy-
generating and energy-receiving media used in a TET system should be replaced by a laser diode
(LD)/halogen lamp® and a solar cell, respectively, as shown in Fig 1. The TOET system
established in this study has the merit of avoiding the shielding effect and power loss caused by
using coils in a TET system.

2.1 Energy-generating and energy-receiving media

As shown in Fig. 2, the relative spectral response sensitivity peaks of silicon (Si) and
amorphous Si solar cells are about 0.8—1.0 and 0.6 um, respectively.?) Therefore, the wavelength
of the optical-energy-generating medium should be 0.8-1.0 or 0.6 pm so as to make the
photoelectric conversion of a solar cell efficient. Experiments were successfully carried out
using silicon solar cells as the light-energy-receiving media.®) There are two issues that affect
the photoelectric conversion of solar cells: the wavelength of the light beam focused on the solar
cell and the electric power of the beam. The material of the solar cell determines the wavelength
of the execution light; then, the photoelectric conversion of the solar cell can be determined
merely by adjusting the optical power of the light beam. If a halogen lamp is chosen as the light
source, the light penetration and reflectivity agree with conditions of a LD. Since the induction
sensitivity of the solar cell is based on the wavelength of the optical-energy-generating medium,
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Fig. 1. (Color online) Concept of the TOET system.
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Fig. 2.

(Color online) Spectrum of relative spectral response sensitivity for solar cells.®)

a halogen lamp that emits a 0.6 um wavelength is the best choice for an amorphous silicon solar
cell. In this study, we adopt a Halotone GU 5.3 halogen lamp made by Philips Company to
transmit optical energy. Relevant specifications of the lamp are as follows: electric power
consumption of 50 W, ultraviolet light wavelength range from 185 to 380 nm, visible light
wavelength range from 380 to 780 nm, and near-infrared light wavelength range from 780 to
3000 nm, as shown in Fig. 3.19 For this study, SC-2723 solar cells of the SC series from
SINONAR CORPUD are chosen as the media for receiving light energy. These solar cells can
convert light waves with a wavelength of approximate 0.6 pm. Furthermore, if paired with
another halogen lamp with a wavelength of about 0.81 um, three/five groups or silicon solar cells
can be cooperated to use.

2.2 Optical-energy-receiving circuit

The functions of the components in the optical-energy-receiving circuit shown in Fig. 4 are
described as follows.

1. The solar cell senses the light of a specific light spectrum to induce photoelectric conversion
via the photovoltaic effect.

2. Rl is the series resistance of the Zener diode and determines the Zener current.

3. The model number of the Zener diode is RD3.0UH.0? The relevant specifications are as
follows: Zener voltage of 3.0 V (average), internal resistance of 360 Q, Zener test current /7
= 0.5 mA, Zener knee current /= 0.05 mA, and Zener maximum current /,;,= 1.2 mA.

4. By setting suitable values of input voltage and R1, the desired regulated voltage (V) can be
obtained.

5. Schottky diode D1 has a higher switching response than do ordinary rectifier diodes. D1 is
used to prevent current backflow from the coin battery to the solar cell and is also known as
a countercurrent protection diode.

6. R2 is a low-resistance resistor that is used to determine the circuit current from its voltage
drop.

7. The rechargeable coin battery is a single chargeable button battery (model no. ML2430;
Sanyo Company). Its bottom voltage is 2.0 V, the full load voltage is 3.0 V, and the power
storage is 100 mAh, as shown in Fig. 5.0
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Fig. 3.  (Color online) Spectrum of Halotone GU 5.3 halogen lamp.(19
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Fig. 4.  Voltage regulation circuit of the light-energy-receiving circuit.
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Fig. 5. Charge characteristics of ML2430 battery.(1?)

8. The load is a cardiac pacemaker. There are many types of pacemaker. According to the
NASPE Association’s pacemaker coding table,!¥ a DDDR type of rhythm regulator is a
dual-chamber pacing, dual-chamber sensing, dual-chamber response to sensing, and rate-
responsive regulator. The object of this study is a DDDR type, which requires an open circuit
voltage of 2.8 V and an average short-circuit current of 21 pA in total demand.(!) The
frequency response of the pacemaker is adjusted by changing the output frequency of the
internal circuit in accordance with the patient’s heart rhythm needs.
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2.3 Thermal effect of optical energy on biological tissue

To discuss the effect of temperature on biological tissue, we must first define the safe
temperature of the thermal effect on biological tissue; biological tissue here refers to the
epidermal tissue of human skin.!) Thermal activation occurs when the temperature of the
human epidermis is between 36.5 and 40 °C. Above 40 °C, the protein denaturation reaction
begins; the coagulation reaction begins at 68 °C; and the vaporization reaction begins above 100
°C. Above 500 °C, the carbonization reaction occurs. In summary, an ambient temperature
below 40 °C is safe for human skin.

In this study, we use 0.5-mm-thick pigskin to imitate human skin tissue. The steps to
determine the minimum safe distance between the halogen lamp and the pigskin are as follows.
Starting with a distance of 20 cm, we keep this distance for 3 to 4 min, then measure and record
the skin temperature. Afterward, we decrease the distance by 1 cm at a time and repeat this step
until the distance is 1 cm. The experimental setup is shown in Fig. 6. Figure 7 shows the
experimental data. Since temperatures below 40 °C present no danger to human skin, it is seen

Fig. 6.  (Color online) Experimental setup of the system.
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Fig. 7. (Color online) Plot of light spacing versus temperature of pigskin.
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that the distance of 16 cm is a good choice. Once the safe distance was defined as 16 cm, the
24-h long-term effect should be validated. The skin temperature versus continuous irradiation
time at the distance of 16 cm is shown in Fig. 8. The temperature of the skin remains at about 37
°C, which falls below the threshold temperature of 40 °C.

3. Experiments for the TOET System
3.1 Coin battery voltage measurement

In the current study, the voltage of a rechargeable battery is defined as constant voltage.
Constant voltage means that the battery voltage remains at an approximately fixed value for a
considerably long time. To charge a rechargeable battery, the process should begin from the
bottom voltage of 2.0 V for the ML2430 battery. The voltage curve of the ML2430 battery
during charging is shown in Fig. 9. The voltage of the battery that has just been continuously
charged for 12 h is called the initial voltage but it is not a constant voltage. The stage at which the
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Fig. 8. (Color online) Skin temperature versus continuous irradiation time at the distance of 16 cm.
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Fig. 9. (Color online) Voltage curve of the ML2430 battery during charging.
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voltage returns from the initial voltage to the constant voltage is known as the returning stage.
The returning stage is part of the battery static process; during this time, the battery voltage
returns to the constant voltage. The just-charged battery must be held static for about 6 h to cross
into the returning stage, after which the measured battery voltage is the constant voltage, as
shown in Fig. 10.

The next recharging process should also begin from the bottom voltage, so the charged
battery must be discharged for about 3 to 4 h until the bottom voltage is reached. However, if the
battery voltage drops below the lower threshold voltage after discharging, it needs to be charged
back up to the lower threshold voltage.

As shown in Fig. 9, the charging curve of a coin-type battery has two phases: the rapid rising
phase followed by the slow rising phase. The voltage of the rechargeable battery obtained by the
regulator circuit of the TOET system after 62 h of charging is 2.73 V, and this voltage
corresponds to an ampere-hour value of 10 mAh.(13)

3.2 Power measurement

To measure the power received by the solar cells, we use the optical power measuring
instrument NOVA II of OPHIR Company. Figure 11 shows the received electric powers (mW)
when the optical power sensor was (a) uncovered and (b) covered by pigskin versus spacing
between the optical power sensor and the halogen lamp (optical wavelength of 633 nm). At the
safe distance of 16 cm and with the pigskin optical transmittance of 13.5%, read from Fig. 11(b),
the covered optical power is 6.8 mW. This optical power can provide enough energy for the solar
cell to charge the rechargeable button battery.

The rated charging voltage for the rechargeable button-type battery in this study is 2.8-3.25
V.13 Unfortunately, a single solar cell of the optical energy harvesting circuit under illumination
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Fig. 10. (Color online) Returning stage of a coin-type rechargeable battery.
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Fig. 11.  (Color online) Received power (mW) versus spacing: (a) uncovered and (b) covered.

cannot acquire this rated charging voltage. Four solar cells in parallel are employed to solve this
problem. Figure 12 shows the voltage regulator outputs of the optical energy receiving circuit
versus different light spacings for one and four solar cells. It is evident from Fig. 12 that the light
spacing should be less than 13 cm in order to obtain the rated charging voltage by using a single
solar cell. Unfortunately, this conflicts with the 16 cm safe illumination distance. Using four
solar cells in parallel can meet the requirement.

3.3 Problem of pigskin moisturizing

According to the results of experiments, fresh pigskin tends to lose moisture over time. The
moisture of fresh pigskin decreased after approximately 5 to 6 h, as shown in Fig. 13. To
maintain the freshness of the pigskin, it is necessary to replace it at least every 4 h. The light
transmittance of the pigskin gradually increases owing to the gradual loss of moisture. The light
transmittances of fresh pigskin under continuous illumination are 11-14% for 0—4 h, 16—18% for
5-7 h, and 22-35% for 8—12 h. The relationship between the optical transmittance of the pigskin
and irradiation time is shown in Fig. 14. The more rapid the loss of the moisture of the pigskin,
the faster the increase in light transmittance.

3.4 Endurance of charged battery

The number of sustainable working days, L, of the charged battery for operating the
pacemaker in this study can be calculated as

L= 0 ,
24x ]

ey

where Q is the number of ampere-hours of the battery and / is the consumption current amperage
of the pacemaker. Using the current consumption data (Table 1),(!>) L is calculated to be 35 days
in the sensing mode and 20 days in the full load.
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Fig. 12. (Color online) Regulated output voltages of one solar cell and four solar cells in parallel versus spacing.

Fig. 13. (Color online) Fresh and moisture-drained pigskin samples.
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Fig. 14. (Color online) Optical transmittance of the pigskin versus irradiation time.

Table 1
Average current consumption for functions of a pacemaker.>

Average current drain as

Function Peak current drain Average current drain percentage of total (%)
Pacing current 7 mA 8 A 38
Sense amplifier 2 pA 2 pA 10
Rate adaptive sensor 2 nA 2 pA 10
Control 16 pA 8 A 38
Telemetry 60 nA <1 pA 4

Total N/A 21 pA 100
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4. Discussion
4.1 Time needed for charging the battery

The findings described in Sect. 3.1 reveal that the battery requires a continuous charge of 62
h to attain 2.73 V and 10 mAh, which falls short of the actual requirements. The long charging
time results from the insufficient charging current of the Zener voltage regulator circuit used in
the charging circuit, while the insufficient current is caused by the excessive resistance of the
Zener series resistor R1. The R1 value used in this study is indeed greater than that recommended
in the ML battery series specification.!3) Therefore, reducing the R1 value can increase the
charging current. However, if the solar cells do not provide enough electric power, the solar cells
may not provide sufficient current to charge the battery.

Unlike the DC power supply, the solar cell power situation is not ideal. In comparing the
above two types of power supply, results from an experiment showed that the no-load voltage of
both was 3.68 V, whereas the loaded output voltage of the solar cell dropped to 2.76 V, while the
output voltage of the DC power supply remained at 3.68 V with the same load. This phenomenon
is the so-called load effect of a voltage source. In this study, the power provided by the solar cell
after charging was 5.21 mW. In contrast, the power provided by the DC power supply was 38.56
mW. The difference between the two is 7.4 times, so the charging time of the solar cell is longer.

4.2 Approaches to shorten charging time
4.2.1 Using two-stage charging regulator circuit

The current required by the battery during the period of rapidly rising voltage is large.
During this period, V; can be relaxed to a higher value. This will allow the battery to pass
through the period of rapidly rising voltage more quickly. Conversely, in the slow voltage-rising
period, the battery requires minimal current. At this stage, reverting to the original Zener diode
value is advisable to prevent excessive charging current from damaging the battery. Thus, the
Zener diode should be switched back to the original one at this stage to avoid damage to the
battery caused by excessive charging current. The experiment shows that the battery voltage
increased quickly and then slowly after reaching 2.50 V in the charging process. After 12 h of
charging by the two-stage voltage regulator circuit, the constant voltage of the battery is 2.59 V,
whereas it is 2.50 V when using the original Zener circuit. Therefore, two-stage voltage regulator
charging can shorten the duration of the period of rapidly rising voltage.

Figure 15 shows the two-stage charging circuit. During the first stage, the V', = 4.5 V Zener
diode is used to charge the battery by setting Switch 1 to OPEN and Switch 2 to CLOSE. After
approximately 8 h, the constant voltage of the battery reaches 2.50 V, then the original Zener
diode with V,=3.0 V is used to charge the battery by setting Switch 1 to CLOSE and Switch 2
to OPEN.

The constant voltage of the battery after 12 h of charging by the two-stage charging voltage
regulator circuit is 2.59 V, whereas it is 2.50 V when using the single charging voltage regulator
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Fig. 15. Two-stage voltage regulator circuit.

circuit. Therefore, under the same charging time, the amount of increase in the battery voltage of
the two-stage charging regulator circuit is larger than that of the single charging regulator
circuit.

4.2.2 Using pure resistance charging circuit

Another method to reduce the charging time is to use a pure resistance charging circuit, as
shown in Fig. 16, instead of the original Zener voltage regulator circuit. According to
experimental results, the output power of the Zener circuit connected with four solar cells is 5.21
mW, while it is 8.03 mW for the pure resistance circuit. The results are listed in Table 2. The
reason for the increased power is the use of a low-resistance resistor (68 €2) in the pure resistance
circuit, the resistance of which is much lower than that (3 kQ) in the Zener regulated voltage
circuit. This results in the increase in charging current from 1.30 to 2.91 mA. It takes only 14 h
to charge the battery to 2.66 V using the pure resistance circuit. Accordingly, increasing the
charging current can effectively reduce the battery charging time.

4.2.3 Increasing the electric power of solar cells

Without doubt, the electric power most affects the battery charging time. Since the electric
power of the existing solar cells is limited, disregarding the occupied space, in this study, we
increase the number of existing solar cell modules (comprising four solar cells in parallel) from 1
to 3. The more modules are used, the more the charging current and electric power of the circuit
increase. The output voltage, however, remains relatively stable. The results obtained from the
conducted experiment show that one module generates 8.03 mW and three modules produce
16.24 mW, as shown in Fig. 17. The required charging times of the pure resistance circuit with
one module are 14 h to achieve a battery voltage of 2.66 V, while using three modules achieves a
voltage of 2.73 V in just 12 h.
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Fig. 16. (Color online) Pure resistance charging circuit.

Table 2

Experimental data of Zener regulation and pure resistance circuits with four parallel solar cells.
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Zener regulation circuit

Pure resistance circuit

Output voltage (V)

Output current (mA)

Charging current (mA)

Output power (mW)

Charging time (h)

Battery voltage after charging (V)

3.43
1.52
1.30
5.21
62
2.73

2.76
291
291
8.03
14
2.66
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e
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Fig. 17. (Color online) Electric powers generated with various numbers of parallel solar cells.

5. Future Works

4 7 10
Number of parallel solar cells

Regarding the efforts described above, the charging time of 12 h and the endurance of 20 to
35 days for the pacemaker are still insufficient for practical application. With respect to the
scheme proposed in this study, three potential issues should be further considered in the future.
1. For optimal compatibility with a pacemaker, the solar cell size must be small enough to fit the
pacemaker’s actual size. In addition, the power generated by the solar cell should be closer to
the ideal power supply so that the output voltage and current of the supply circuit can be
sufficient without the occurrence of the load effect and the battery charging time can be
effectively shortened. Therefore, a smaller solar cell module with a higher electric power is

expected.

. To improve the light source used for charging, an optical source with higher light power and

light beam concentration without causing damage to the skin should be employed instead of
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the halogen lamp used in this study. The concentration of the beam used in this study is
insufficient at distances greater than the safe spacing. The light power emitted by the Philips
halogen lamp at the safe spacing is about 53 mW, but the optical power received by the
transdermal solar cell is only 6.8 mW. The solar cell’s performance hinges on its ability to
absorb sufficient optical power for efficient photoelectric conversion. Consequently, the
chosen light source ought to possess higher optical power and superior beam concentration.
However, it is essential to consider the potential heating effect on the skin. In addition,
considering the cost and usability, future TOET light sources should be developed to be
economical, simple, and easy to use to benefit patients with implanted heart rate regulator
devices.

3. The development of a rechargeable coin battery with faster charging and higher power
storage capacity is crucial. The rechargeable button battery used in this study has a charging
capacity of 100 mAh. In contrast, the coin batteries currently used in cardiac pacemakers
have a charging capacity ranging from 0.8 to 3 Ah. Therefore, there is a disparity in storage
capacity between the battery used in this study and that used in current pacemakers. If the
capacity of rechargeable coin batteries can approach that of primary coin batteries used in
current pacemakers, the endurance of a pacemaker with a rechargeable battery would be
greatly extended. It is hoped that a rechargeable coin battery with greater efficiency and
storage will soon be available.

6. Conclusions

The study of remote charging for cardiac pacemakers using a TOET system has been
presented. From the results of experiments performed in this study, it was found that the Zener
voltage regulation circuit in the optical-energy-receiving circuit can regulate the voltage output,
but it had a limited electric power output. This led to insufficient charging current and long
charging time. By converting the regulation circuit to a pure resistance circuit and boosting the
power of the solar cells, the output power of the circuit was significantly increased and the time
required for battery charging was greatly shortened. These modifications also enabled the
battery voltage to reach 2.73 V and the amperage hour to be 10 mAh. This amount of power can
sustain the rhythm regulator for 20 to 35 days, depending on its mode. Therefore, transcutaneous
remote charging was achieved.
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