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“On demand” implantable drug delivery systems can provide optimized treatments, due to their ability to provide 

targeted, flexible and precise dose release. However, two important issues that need to be carefully considered in a 

mature device include an effective actuation stimulus and a controllable dose release mechanism. This work 

focuses on remotely powering an implantable drug delivery system and providing a high degree of control over the 

released dose. This is accomplished by integration of a resonance-based wireless power transfer system, a constant 

voltage control circuit and an electrolytic pump. Upon the activation of the wireless power transfer system, the 

electrolytic actuator is remotely powered by a constant voltage regardless of movements of the device within an 

effective range of translation and rotation. This in turn contributes to a predictable dose release rate and greater 

flexibility in the positioning of external powering source. We have conducted proof-of-concept drug delivery 

studies using the liquid drug in reservoir approach and the solid drug in reservoir approach, respectively. Our 

experimental results demonstrate that the range of flow rate is mainly determined by the voltage controlled with a 

Zener diode and the resistance of the implantable device. The latter can be adjusted by connecting different 

resistors, providing control over the flow rate to meet different clinical needs. The flow rate can be maintained at a 

constant level within the effective movement range. When using a solid drug substitute with a low solubility, 

solvent blue 38, the dose release can be kept at 2.36 µg/cycle within the effective movement range by using an 

input voltage of 10Vpp and a load of 1.5 kΩ, which indicates the feasibility and controllability of our system 

without any complicated closed-loop sensor. 

1. Introduction  

Currently, drug therapies are playing an important role for variety of biomedical applications and disease treatments. 

Conventional modes of drug administration including oral ingestions, eye drops, transdermal delivery and intravenous 

injections have been widely used
1.However these conventional approaches have limitations in effectively delivering some 

special drug and new pharmaceutical agents
1
, and often cannot optimize the applied medication efficiency

2-3
. Chronic diseases, 

such as diabetes, usually require frequent injections, which lead to discomfort and trauma to patients. In case of a potent drug, 

dosing must be precisely controlled within an effective therapeutic concentration range, which is difficult to achieve with 

conventional drug delivery approaches, frequently leading to overdose induced side effects
3-4

.   

In contrast to conventional drug delivery methods, recently developed implantable drug delivery systems are very versatile, 

providing efficient, targeted and controlled dose release. Once the device is implanted, additional surgical operations are not 

required for a long treatment period (months or even years). This reduces medical cost and patients' discomfort, maintains a 

desired drug concentration within the therapeutic window
3
, and improves the therapy’s effectiveness. Implantable drug 

delivery devices are especially advantageous for treating chronic diseases, for example, brain tumors
5
. As the previous studies 

describe, some of the implants are implemented using polymer materials with biodegradability
6
, sensitivity to pH or 

temperature
7
, and other characteristics

8
. The delivery carriers include microspheres

9-10
, microcapsules

11-12
 and hydrogels

13-14
. 

Most of these works are capable of providing sustained dose releases, however, the actuation mainly comes from diffusion, 

absorption or osmotic pressure. These devices are “passively controlled”, therefore, dosing is not flexible, and cannot be easily 

varied based on changing clinical needs.    

Over the past two decades, microfabrication technologies have been developed that are able to offer a variety of feasible 

applications for biological analysis chips
15

, tissue engineering
16

, and controlled drug delivery
17-18

. Different actuation 

mechanisms have been exploited to trigger drug release by an external stimulus, such as: magnet
19

, electromagnetic field
20-21

, 

piezoelectric force
22

, electrolysis
4, 23

 and so on
24

, thereby “actively” controlling the dose. Among these actuation mechanisms, 

the electrolytic actuator has been proven very effective for implantable drug delivery owing to its ability to provide precise 

flow control, appropriate flow rate, low voltage requirement and little heat generation
3, 25

. Meng et al. optimized the design of 

their electrolytic pump
23

 and used it for delivering liquid drug to the eyeball for treating chronic ocular disease
26

. Further, DI 

water was adopted as an electrolyte which can be electrolyzed into oxygen and hydrogen, the generated gases deformed an 

elastic membrane for delivering the anti-cancer drugs in a mouse study
27

.   

“On demand” controlled implantable drug delivery devices commonly provide a pulsatile dose release, which contribute to a 
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pulsed-like drug concentration profile
3
. Therefore, a suitable dose control approach is needed in order to constrain the drug 

concentration within the therapeutic window and maximize the therapeutic efficacy. More recently, “smart integrated 

microsystem technologies” have been proposed and indicated the development trend of future implantable drug delivery 

devices
1
. Such advanced drug delivery systems may integrate a micro-actuator with a biosensor

28-29
 or wireless control unit

30-31
 

or combinations of the above
32

 in order to monitor the physiological conditions in a patient’s body
33

 and release an appropriate 

amount of drug in accordance with the signals detected
34

. For example, a telemetry-controlled microchip device that consisted 

of a wireless communication hardware, power supply, printed circuit boards (PCB) and a drug filled multi-reservoir array was 

implanted into the subcutaneous tissue of a dog, and remotely programmed to initiate a pulsatile release of the polypeptide 

leuprolide over 6 months
35

.  However, this versatility comes at a cost of large size and high complexity. 

Several attempts have been made towards highly functional and miniature drug delivery systems using efficient 

microfabrication techniques and simple operation schemes. As demonstrated in
19, 36

, a magnetic membrane was designed to 

achieve “on-demand” drug delivery upon the actuation of an external magnetic field. The drug dose released is directly related 

to the strength of the magnetic field and the duration for which the “magnetic field is turned on”. However, it is difficult to 

control the dose, since it depends on the distance between the field source and implant, and exposure to a strong magnetic field 

over an extended period of time raises health concern
37-38

. Inductive coil-based wireless power transfer has superior power 

transfer efficiency (PTE)
39

 compared to magnetic force actuation, which was proposed in
23, 31

 for powering ocular drug 

delivery devices. However, the variation in distance and angle between the implant and the transmission coil will cause 

varying power levels received after the implantation, thereby resulting in an unpredictable flow rate and dose. Hence, besides 

the device’s complexity and fabrication cost, the fluctuation of actuator power caused by possible movements need to be 

addressed in an enhanced implantable drug delivery systems.  

In this paper, we introduce a drug delivery system that is easy to fabricate and flexible to operate, combining our previously 

reported resonance-based wireless power transfer (R-WPT) system, which provides high transfer efficiency
40

, with the low 

power consumption of an electrolytic pump
3
. The drug delivery system’s major components, and its delivery performance 

when directly powered were demonstrated before
3
, however, we further investigate a remotely powered and controlled scheme 

using inductive coils herein. As described previously
40

, a small receiver coil (0.5 mm in thickness and 3 cm in diameter), not 

only saves a considerable amount of space, but also is suitable to be placed under the skin or other flat epidermal organs. In 

order to mitigate fluctuations of the voltage received, caused by different thicknesses of the tissues of different people and the 

movements of the wrists and joints, we add a voltage control circuit to regulate the supply voltage of the actuator, rather than 

adopt a complicated closed-loop sensor. This ensures well-defined drug release rate for a wide range of movements including 

shifts and rotations between transmitter and receiver. Moreover, different flow rates can be obtained to meet different 

application needs by changing the resistance of the load before implantation. The released dose can be calculated by 

multiplying the flow rate and actuation period. This kind of “on demand” release with dose control is suitable for implantable 

drug delivery systems with specific dose output. 

2. Wireless system architecture 

The R-WPT technology used for powering the drug delivery device, consists of two parts: the transmitter and the receiver. At 

the transmitter side, an alternating current (AC) source is applied to the primary coil, creating an AC magnetic field, which 

induces a voltage across the secondary and load coils at the receiver side. Adopting our previously reported R-WPT system
40

, 

we further add a constant voltage control circuit at the receiver side. The circuit diagram of this new R-WPT system is 

illustrated in Fig.1 (a). The resonance frequency of the R-WPT system is 6.7 MHz, following the Industrial, Scientific and 

Medical radio bands (ISM) standards. Further details of the inductive coils’ structures, inductances, capacitances and 

resonance frequency are provided elsewhere
40

. The functions of the control circuit include AC/DC conversion and constant 

voltage supply for driving the actuator. It consists of a 4-diode bridge rectifiers and a 5V Zener diode. The corresponding 

prototype is illustrated in Fig.1 (b). The Zener diode used in its “reverse bias” mode regulates the voltage output of the 

rectifier, providing constant 5V, as demonstrated in Supplemental Fig. 1. As a result, the output voltage is constant within an 

effective transfer distance and rotation angle between transmitter and receiver, both of which can be increased by increasing 

the input voltage at the transmitter side. 
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Fig.1 Resonance-based wireless power transfer system with constant voltage control circuit: (a) the circuit model; (b) prototype of the control unit. 

Vs is the voltage output of the AC power source, Rs is the output impedance, Rrec is the resistance of the receiver, C2-C4 denote capacitors, and L2-
L4 represent coils.   

Besides the voltage applied at the transmitter side, the resistance of the implantable system is another critical 

parameter that determines the power delivered to the load (PDL)
41

. To clarify the relationship between the PDL and 

the resistance of the load (or drug delivery actuator), an adjustable resistor was connected to the output of the voltage 

control circuit, and the PDL was measured as a function of transfer distance and resistance value. In this test, the 

transmitted voltage was fixed at 10Vpp level. The results shown in Fig. 2 indicate that the optimum load to achieve a 

maximum PDL varies with the transfer distance. The inset shows that the peak PDL decays with increasing distance, 

and the optimum load to achieve the peak PDL increases with increasing distance. The impact of the load on the PDL 

for different distances and rotation angles is demonstrated in Supplemental Fig. 2. It reveals that a higher load 

resistance improves uniformity of the delivered power for a larger effective distance and rotation range, but at the 

cost of a reduction of the received power. 
 

 
Fig. 2 The power delivered to different loads over different distances. 
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Fig. 3 Photographs of the experimental apparatus with system components. (a) Wirelessly powered drug delivery system with a glass capillary for output 

measurements. (b) Interdigitated electrodes with Nafion coating. (c) Catalytic reformer. 

3. System design and analysis 

In this work, we fabricated an electrolytic device for storing and delivering the drug solution. An elastomeric PDMS 

(poly-dimethylsiloxane) membrane separates the device into two parts: drug reservoir and electrolyte chamber. This 

diaphragm avoids any interaction between the drug solution and electrolyte, and provides the actuation for driving the 

drug fluid upon its deflection
3
. The R-WPT system, voltage control circuit and electrolytic pump were set up in an 

experimental apparatus as depicted in Fig. 3(a) to investigate the proof of concept drug delivery system. An AC 

power supply (National Instrument PXI 5402) provides an input voltage of 10Vpp with a frequency of 6.7 MHz to the 

transmitter coil, which wirelessly transfers power to the receiver coil. The transfer distance and rotation angle can be 

adjusted by moving the receiver coil which is electrically connected to the control circuit. After AC to DC conversion 

and voltage regulation, the output of the control circuit provides a constant voltage for the drug delivery device. An 

adjustable resistor is electrically connected in series with the pump as the pump alone has a too low resistance
3
 to 

maintain a constant voltage. The assembled electrolytic pump is shown in the inset of Fig. 3(a), including the Nafion 

coated platinum/titanium (Pt/Ti) electrodes (Fig. 3(b)), and a catalytic reformer (Fig. 3(c)), which are both immersed 

in the electrolyte chamber, the fabrication processes of the electrodes and the catalytic reformer were demonstrated 

elsewhere
17, 3

, respectively. The Nafion coating is used to improve the electrolysis efficiency
23

, and the catalytic 

reformer was applied to accelerate bubble recombination within the non-actuation intervals
3, 20

, thereby reducing the 

period of delivery for the cyclical actuation mode.  

The electrolytic pump’s assemble process and working principle were demonstrated previously
3, 17

. Briefly, once the 

voltage is received at the electrodes in the electrolytic chamber, the DI water is electrolyzed into hydrogen (H2) and 

oxygen (O2), and the expanding gas deforms the PDMS membrane. This drives the liquid in the reservoir towards the 

outlet, where it climbs up along the glass capillary, which enables reading the volume of the pumped fluid. Dividing 

the pumped volume by the time required for pumping yields the flow rate. In this experiment, we used red dyed water 

as liquid drug substitute. As shown in Fig. 4, increasing the resistance of the connected load, results in a reduced flow 

rate, which is due to the reduced power received as explained in Fig. 2. On the other hand, an increased resistance 

allows a constant flow rate to be maintained over a longer separation distance, improving the effective distance range. 

For example, the pump connected with a load of 500 Ω can provide an almost constant flow rate of 11 µL/min within 

the effective range of 10 mm to 15 mm, while when increasing the resistance to 1.5 kΩ, the effective distance 

improves to up to 35mm within which a nominal flow rate of 5 µL/min can be maintained. This is because the 

voltage applied at the pump is kept constant over this effective operation distance, as demonstrated in Supplemental 

Fig. 2. This result suggests that the flow rate can be “programmed” by choosing a specific load resistor prior to 

implanting the device, and a compromise needs to be made between effective movement range and achievable flow 

rate according to the treatment requirements. 
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Fig. 4 The flow rate of the electrolytic pump versus the transfer distance for different load resistance values. 

Next, we cyclically operated the pump three times with three different conditions: first, the distance between the 

transmitter coil and receiver coil is 10 mm, and the two coils are co-axially aligned; second, the distance is 25 mm, 

and the receiver coil is rotated by 30
o
 versus the transmitter coil; third, the distance is 35 mm, and the receiver coil is 

rotated by 30
o
 versus the transmitter coil. The pump’s resistance nonlinearly drops with the increasing applied current, 

its value ranges from 960 Ω to 1.7 kΩ
3
. If the pump is operated with a resistor of low value, for example, a load of 

250 Ω was used in the experiment. In this case, we can see that the actuation time required for pumping the same 

volume depends significantly on the different conditions, and the pump’s flow rate is sensitive to the movements 

between transmitter coil and receiver coil as shown in Fig. 5. This is because the total resistance of the load and the 

pump is too low to obtain a constant voltage in such conditions as explained in Supplemental Fig. 2. Consequently, a 

constant flow rate cannot be maintained within these movement ranges. On the other hand, when the resistance of the 

load increases to 1.5 kΩ, the pump maintains an almost constant flow rate of approximate 5µL/min within the 

distance of up to 35 mm and rotation angle of 30
o
. Thus, the effective movement range has increased in this case, 

though at a cost of reduced flow rate. These results reveal that our remotely powered device could be capable of 

achieving a predictable flow rate after implantation despite variation in the operation conditions like distance to and 

rotation of the implant would exist in practical applications. 

The electrolytic reaction is reversible in the presence of Pt
27

. In our work, within the “power off” intervals, hydrogen and 

oxygen are gradually recombined to water mainly due to the existence of the Pt coated catalytic reformer in the electrolyte 

chamber
3
. The resulting pressure decrease in the electrolyte chamber causes the PDMS membrane to retract back to its original 

state, thereby drawing the liquid back into the reservoir. The maximum pumped volume at each delivery is limited by the 

largest deflection of the PDMS membrane. In order to improve the number of delivery cycles within a short testing period, the 

catalytic reformer is used for accelerating the electrolysis-bubble recombination rate
3
. In the case of electrolytic actuator-based 

drug delivery systems, which were using liquid drug in reservoir (LDR) approach
23, 26-27

, the back flow of fluid caused by the 

electrolysis-bubble recombination is undesirable, since it dilutes the drug liquid, resulting in unknown dose released over time. 

Therefore, a variety of valves have been developed to minimize the impact of this issue
27, 42

. However, when used in 

combination with a SDR approach, the catalytic reformer can turn this disadvantage into an advantage, because it helps 

recombine the electrolysis bubbles more rapidly and improves the range of possible drug doses in a given treatment time.  
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Fig. 5 Periodic pumping pulses of the pump working at different conditions (distance and rotation), showing the impact of the load resistance on the flow rate. 

 

 

Fig. 6 Experimental apparatus for solid drug delivery, depicting the release of solvent blue 38 into the external liquid upon the electrolytic actuation. 

4. Cyclically operated solid drug delivery system  

For the applications of hydrophobic drugs, for example, docetaxel (solubility of 2.5 µg/L in water), the LDR approach cannot 

provide an effective solution for implantable drug delivery, due to the large volume required to store useful quantities of active 

ingredient. An alternative approach is to store the drug in its solid-form. In case of the SDR approach, small amounts of the 

stored solid drug are repeatedly dissolved into body fluid
43

, maintaining a reproducible concentration of drug solution over an 

extended period of time (several months or years). The design of our electrolytic pump with the added catalytic reformer 

provides a suitable platform for such cyclic operation
3
. In this work, we use solvent blue 38 as a substitute for the solid drug, 

owing to its low solubility in water and its solid-form can be maintained in the reservoir for a large number of operation cycles. 
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The experimental apparatus depicted in Fig. 6 is set up to evaluate the SDR device’s dose release performance. Briefly, 

solvent blue 38 is patially dissolved in the  drug reservoir. Another reservoir filled with DI water is placed at the outlet of the 

pump to which the dissolved drug solution is delivered (see the inset of Fig. 6). The device is put on a stirrer (Advanced 

Multiposition Stirrer, Henry Troemner LLC, USA), and a magnetic stirring bar immersed in the external reservoir helps to 

uniformly disperse the delivered solution in the external liquid. In this idealized testing environment, cell absorption and 

naturally occurring flow rates in the body are not taken into account. The concentration change of the external liquid is 

detected by microliter spectrophotometry (Picodrop Ltd., UK) at the end of each delivery, so that the dose released upon each 

actuation is measured. A load resistor of 1.5 kΩ connected to the electrolytic pump was used, to obtain a constant amount of 

drug release for the different movement conditions.  

Firstly, the setup was used to verify the two events in the cyclical operation of the SDR system: 1) pumping the dissolved 

drug solution during the “power on” period, and 2) automatically refilling the drug reservoir within the “power off” period. 

The experiment was conducted, with an input voltage of 10 Vpp, and a separation distance of 10 mm between the transmitter 

coil and receiver coil, which were co-axially aligned. The series of images in Fig. 7 shows one cycle of “power on and off”, 

verifying these two events involved in a cyclically operated SDR drug delivery process: the electrolytic pump is wirelessly 

powered, and driving the drug solution out of the reservoir; refilling is caused by electrolysis-bubble recombination, which 

draws liquid back into the reservoir to mix with the remaining drug solution. Solid drug dissolves into mixture until the 

reservoir once again reaches the solubility limit of the drug. Note that the pumping rate of the drug delivery device must be 

consistent with or less than naturally occurring flow rates in the body, especially when this cyclical actuation mechanism is 

applied. Therefore, the released drug can diffuse away from the delivery site before it is sucked back into the reservoir during 

the refilling stage. 

 

Fig. 7 Microscope images of one cycle of drug delivery process under “power on and off” operation, illustrating the reversibility of the fluid upon the PDMS 

membrane’s deflection. 

Next, we studied the effect of distance between and alignment of the transmitter and receiver coils on the release 

behaviour, applying the same conditions as stated in Fig. 5. In each condition, the device was cyclically operated 

“power on and off” for 3 times, with a “power on” time of 0.5 minute and a “power off” time of 5.5 minutes, which is 

sufficient for fully recombining the electrolysis-bubbles
3
. The measured dose released at each delivery cycle is shown 

in Fig. 8. As expected, the dose in each condition keeps almost constant with an average dose value of 2.36 µg/cycle, 

due to a stable flow rate achieved within the effective range of distance and orientation. This also indicates a stable 

drug concentration, which is due to the concentration of the pumped drug solution remaining close to the drug’s 

maximum solubility
3
. In this experiment, an average dose of 2.36 µg/cycle can be maintained within the effective 

range of distance and orientation, for example, the effective transfer distance of 35 mm and rotation angle of 30
o
 is 

presented for the chosen experimental parameters. Within the effective range, our R-WPT system with an addition of 

a constant voltage control circuit can remotely power the electrolysis based drug delivery device and provide a well-

defined release rate, thereby controlling the drug dose without feedback from the device based only on the actuation 

period. 
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Fig. 8 The dose of released drug per actuation for different distances between the transmitter and receiver coils as well as different rotation angles.  

5. Conclusions 

Implantable drug delivery systems have advantages in medical treatments that require frequent drug therapies and 

precise dose control. This work presents a proof of concept electrolytic pump drug delivery system that is remotely 

powered and controlled by a combination of a highly efficient resonant wireless power transfer system and a constant 

voltage control circuit. This combination allows consistent open-loop control of the dosage based on actuation time 

alone, even with inconsistent placement of the transmission coil with respect to the receiving coil of the device, as 

expected in real life application. The results show the feasibility of such a system for controlling the release rate and 

dosage with high precision within a given movement range. The proposed simple circuit design regulates the voltage 

applied to the electrolytic pump regardless of the distance and rotation between the transmitter and receiver coils 

within the effective movement range, leading to a well-defined flow rate released in the LDR device. The effective 

movement range can be easily modified via the input voltage at transmitter side or via an electric load resistor at the 

receiver side. Similarly, the flow rate can be adjusted to meet different clinical needs by connecting different load 

resistors to the receiver side. The experimental analysis also shows that by using a smaller load resistor, the flow rate 

can be increased but at a cost of higher sensitivity to shift and rotation between the transmitter and receiver, and 

increasing the resistance enlarges the effective movement range. The SDR approach has also been evaluated for our 

system, and for the chosen experimental parameters, a constant dose of 2.36 µg at each delivery cycle is maintained 

within the effective movement range of 35 mm and 30
o
.  
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