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Abstract:

 This paper presents a transdermal power transfer device for the application of implantable devices or systems. The device mainly consists of plug and socket. The power transfer process can be started after inserting the plug into the socket with an applied potential on the plug. In order to improve the maneuverability and reliability of device during power transfer process, the metal net with mesh structure were added as a part of the socket to serve as intermediate electrical connection layer. The socket was encapsulated by polydimethylsiloxane (PDMS) with good biocompatibility and flexibility. Two stainless steel hollow needles placed in the same plane acted as the insertion part of the needle plug, and Parylene C thin films were deposited on needles to serve as insulation layers. At last, the properties of the transdermal power transfer device were tested. The average contact resistance between needle and metal mesh was 0.454 Ω after 50 random insertions, which showed good electrical connection. After NiMH (nickel-metal hydride) batteries were recharged for 10 min with current up to 200 mA, the caused resistive heat was less than 0.6 °C, which also demonstrated the low charging temperature and was suitable for charging implantable devices.
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1. Introduction

Implantable microsystems are widely used in biomedical engineering for diagnostics and monitoring [1,2,3], drug delivery [4,5,6,7], artificial prosthesis [8,9,10,11], and so on. A typical implantable microsystem usually contains three parts. The first part is a sensor or actuator unit used for recording signals or stimulating nerve cells. The second one is a control unit used for signal processing and generating. And the last one is a power unit used for supplying power.

Figure 1a shows conceptual diagram of the typical implantable microsystem [12]. The power supply unit plays a very important role in implantable microsystems due to its effect on the lifetime of the systems [13,14,15,16]. Nowadays, there are two kinds of power supply units widely applied in implantable microsystems, which are primary batteries [17] and rechargeable batteries [18,19,20,21]. As to long-term implantation of implantable microsystems for several decades, primary batteries are limited due to their limited battery capacity [22,23,24,25,26]. In cardiac pacing systems, heart failure might cause casualties due to the depletion of the batteries before replacement [27,28,29]. However, the replacement of batteries will increase the cost, the risk and suffering of patients. Rechargeable batteries for microsystems provide a good alternative to solve this problem. For non-invasive purposes, most implantable microsystems are recharged by wireless power transfer method [18,19,20,30,31,32,33]. However, the wireless recharging method with relatively low power transmission efficiency will lead to a very long charging time. Meanwhile, the electromagnetic radiation produced by wireless power transfer might cause skin and tissue injury, even the potential risk of cancer. As to high power consumption systems, transdermal power transfer method has some advantages, such as micro-invasive characteristics, high power transmission efficiency and low charging temperature [21,32,34,35,36,37,38,39]. Transdermal power transfer devices charged by small needles, which could lead to a small injury compared with wireless power transfer device, because electromagnetic radiation injury produced by wireless power transfer is much worse than the temperature increase; the literature mentioned above did not talk about the effects of the temperature increase.

Figure 1. (a) The conceptual diagram of a typical implantable microsystem and (b) the schematic diagram of the proposed transdermal power transfer system.
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Although the transdermal recharging method has the risk of causing skin infection during charging process, this risk can be eliminated by sterilizing the insertion needle as well as the injection of saline. Furthermore, several hours of power transfer by transdermal recharging can keep an implantable system working for several years. At present, the emerged transdermal recharging device usually contains two parts. One part is the plug used for the connection with the external power supply. The other one is the socket implanted in vivo used for the connection with the internal power supply. The socket with two metal contact-springs acts as an intermediate electrical connection layers, which might lead to poor maneuverability due to its misalignment after implantation in vivo. The plug is fabricated by coating Parylene C thin film on a hollow metal needle. However, due to its double-layer structure of metal contact-springs, the coating might be scratched during the insertion process.

In this paper, a novel type of transdermal power transfer device for implantable device application is presented. Figure 1b shows the schematic diagram of the proposed transdermal power transfer system. The socket with two pieces of metal nets placed in the same plane was encapsulated by polydimethylsiloxane (PDMS), realizing good maneuverability, reliable electrical connection and thickness reduction of the device. The needle part of the plug was fabricated by two hollow metal needles coated with Parylene C thin films to serve as an insulation layer. Finally, the electrical connection, waterproofness, penetrating force, recharging temperature and effectiveness of device were tested, respectively.





2. Experimental Section


2.1. Design

A device with the following properties was desired: easy recharging, good biocompatibility, waterproof, non- or micro-invasive, low charging temperature, etc. PDMS and Parylene C have good biocompatibility and flexibility and have been widely used in implantable microsystems for encapsulation [40,41,42]. Figure 2 shows the schematic diagram of the transdermal power transfer device. Combined with Figure 1b, we chose litz wire with 38 AWG (American Wire Gage) and the designed maximum current was 500 mA. Since the devices were well encapsulated, we used the DC current for charging after a careful examination. This is a suitable, safe recharging method for implantable applications. By using the interference fit between needles and stainless steel nets, reliable electrical connection and good maneuverability during power transfer process was obtained. The power transfer process can be started after inserting the plug into the socket with an applied recharging potential on the plug as shown in Figure 2a. Two pieces of stainless steel net, for the sockets, were placed in the same plane and used for connecting to the cathode and anode of the internal power supply, respectively.

Figure 2. Conceptual diagram of the typical implantable microsystem. The schematic of the transdermal power transfer device. (a) The schematic of transdermal power transfer process. The process can be started after the insertion of the plug into the socket then applying a certain recharging potential to the plug. (b) The schematic of socket part. The stainless steel nets, with mesh size of 0.5 mm, match with the needle plug and form a good electrical connection. The whole plug was encapsulated by polydimethylsiloxane (PDMS) by cast method. (c) The schematic of plug. Parylene C thin film (5 µm) was chemical vapor deposited on needles for insulation and the notch on plastic plane was designed to decrease the recharging temperature.
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The socket was encapsulated in a PDMS encapsulation shell as shown in Figure 2b. The plug was fabricated by the installation of two stainless steel hollow needles in the plastic plane. A Parylene C thin film used as insulation layer was chemical vapor deposited (CVD) on needles. To decrease the charging temperature, the plug was designed with a notch on the plastic plane as shown in Figure 2c. The notch part of the needles with air around them will lead to a better cooling effect compared to encapsulate in PDMS. Due to the mesh structure of metal nets, the needle plug can be easily inserted into the socket through the skin. In particular, it could form an electrical connection with the nets at any point over the connection area. Because the mesh size of this metal net is a little smaller than the outer diameter of the needles, the interference fit can ensure reliable electrical connection between the plug and socket. Meanwhile, the designed distance between two needles should be larger than the width of the metal net to avoid a short circuit when two needles are inserted into one piece of the metal net. The mesh plates are 0.5 cm in length and width. The mesh plate is flexible and its thickness is 0.2 mm. Because the mesh plate is encapsulated in a PDMS encapsulation shell and its material is biocompatible, it can be implanted permanently. The penetration of the metal needles is similar to a needle injection. Thus, the resulting pain or infection of skin is acceptable, same as a needle injection.





2.2. Fabrication

Figure 3a shows the fabrication process of the socket. First, the PDMS (Sylgard® 184, Dow Corning, Midland, MI, USA) mixture (Base:Curing Agent = 10:1) was prepared. Then the PDMS packaging shell without cover was fabricated using a casting method with a curing process at the temperature of 75 °C for 3 h. The thickness of the PDMS film used for device packaging is 0.15 cm. The length, width and the height of the cuboid shell were 20 mm, 10 mm and 3 mm, respectively.

Figure 3. The fabrication process of device. (a) The fabrication process of the plug. (b) The fabrication process of socket.
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Second, the two pieces of stainless steel net, with a mesh size of 0.5 mm, were connected to lead wires. After that, they were placed in the PDMS shell in the same plane. Last, the PDMS cover was casted to create a whole-packaging shell. Figure 3b shows the fabrication process of the plug. First, a plastic plane with notches was prepared. Second, two holes with diameter of 0.6 mm were drilled on the notch position for the installation of needles. Third, the needles with diameter of 0.55 mm were installed in plastic plane and stuck with glue. Fourth, 5 μm of Parylene C thin film was chemical vapor deposited (Parylene deposition system (PDS) 2010, Specialty Coating Systems (SCS), Indianapolis, IN, USA) on the needles as an insulation layer. The tips of the needles are rubbed on a friction plate to remove the Parylene. Last, the needles were connected to the metal plug for easy connection to an external power supply. Figure 4a,b shows the fabricated socket and plug.

Figure 4. The fabricated device. (a) The fabricated socket with two pieces of stainless steel net inside. (b) The fabricated plug with two needles.
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3. Results and Discussion


3.1. Electrical Connection

The transdermal power transfer device with good reliability can result in stable power transfer. Good maneuverability of the device also affects its practicality. Because of the interference fit between stainless steel nets (mesh size = 0.5 mm) and needle plug (diameter = 0.55 mm), the good electrical connection could be formed. In order to evaluate electrical connection reliability and maneuverability, the contact resistances between needle and stainless steel net were investigated with 50 random insertions. Figure 5 shows the contact resistances between single needle and stainless steel net over 50 random insertions. The resistance varies from 0.26 to 0.62 Ω. The average contact resistance of 0.454 Ω can be calculated from the data. Figure 6a,b shows the status of PDMS encapsulation shell and stainless steel net after 50 times random insertions.

Figure 5. The contact resistances between single needle and stainless steel over 50 random insertions. The resistance varies from 0.26 to 0.62 Ω. The average contact resistance of 0.454 Ω can be calculated from the data.
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Figure 6. The pictures of PDMS (a) and stainless steel net (b) after 50 random insertions.
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3.2. Waterproofness

Implantable devices with good waterproofness would prevent the infiltration of tissue fluid for inner structure protection. Implantable microsystems are recharged many times after implantation and during each recharging process the PDMS encapsulation shell could be punctured again, which would increase the possibility of the infiltration of tissue fluid. The thickness of PDMS film used for waterproofness test is same as the device package. The waterproofness test was taken by injecting 0.1 M AgNO3 solution into a cylindrical PDMS packaging shell and then dipping it into 0.9% NaCl solution for 10 months at room temperature. Figure 7 shows the status of the PDMS encapsulation shell after dipping into 0.9% NaCl solution for 10 months. Before testing, a PDMS packaging shell with nine punctures was prepared to simulate the real situation. A white precipitate of silver nitrate (AgCl) would be produced if the NaCl solution infiltrated the PDMS encapsulation shell. The chemical change can be explained by the following equation:

Figure 7. The status of the PDMS encapsulation shell after dipping into 0.9% NaCl solution for five months. After five months of dipping, there was no white precipitate generated. Nine punctures (solid line circles) were prepared before the test to simulate the real situation.
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AgNO3 + NaCl = AgCl↓ + NaNO3



(1)






As can be seen from Figure 7, there were no new chemical substances produced. The experimental results showed good waterproofness of the PDMS encapsulation shell, because of its excellent flexibility over a short time. The test will continue for a long time to evaluate long-term waterproofness of this encapsulation shell.



3.3. Penetrating Force

For easy insertion, a low penetrating force is desired. The penetrating force of the device can be calculated from a single needle’s penetrating force, which is measured by a force measurement instrument. Figure 8 shows the relationship between force and displacement. It can be seen that the force is increased along with the displacement. In the PDMS region (0 < displacement < 2 mm), the penetrating force increased linearly with the displacement. The drag coefficient can be calculated as 0.65 N/mm from this curve. When the needle plug is inserted into the steel nets (2 mm < displacement < 2.5 mm), the force obviously increases and arrived at about 1.2 N. The reason is the increasing friction force caused by the interference in the fit between needle plug and nets. Then the total penetrating force of the device with two needles can be calculated by following equation:

Figure 8. The relationship between force and displacement.
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F = 2(at + b)



(2)




where F and t represent the total penetrating force and the total thickness of PDMS, respectively. a and b are the drag coefficient and interference fit force, respectively. Because a is 0.65 N/mm, b is 1.2 N, and t is 3 mm (the thickness of the designed of socket = 3 mm), the maximum penetrating force can be calculated as about 6 N.




3.4. Charging Temperature

High charging temperature will burn the skin and tissue during power transfer process. In order to measure the charging temperature, the 1.2 V NiMH AA battery was recharged by different current levels at room temperature under a constant current power supply. Then, the temperature of the needles were measured by two thermometers at the same time. Figure 9 shows the temperature changes of the two needles under different recharging currents. The device was fully immersed in 0.9% NaCl solution with a base temperature of 26.8 °C under different recharging current levels. Since the electrical nets were encapsulated in PDMS, the dissipating speed of heat is slower compared to the notch part of the needles. This is the main reason for the rapid temperature changes under large charging currents. Thus, the design of the notch part of the needles is helping to cool the needles with the air around them. Normally, this has little effect when the charging currents is between 20 and 100 mA. However, it could help reduce the temperature change by 0.1 and 0.3 °C when the currents wee 200 and 500 mA compared to the non-notched devices, respectively. It can be seen that the charging current between 20 and 200 mA makes little temperature change. When the charging current increased to 500 mA, a dramatic increase of temperature occurred. This suggested that 200 mA recharging current would be recommended during power transfer process. It took 2.1 h to fully charge the battery under a 200 mA charging current. The local temperature rose about 0.56 °C after a full charge. Practically, the charging process could be divided into several sections to reduce the temperature changes.

Figure 9. The temperature changes of two needles under different recharging current levels with base a temperature of 26.8 °C. (a) The temperature changes of Needle one. (b) The temperature changes of Needle two.
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3.5. Implantation of Device

Figure 10 shows the implantation of device in pork tissue. Two green litz wires were connected with the anode and cathode, respectively. When the plug is inserted into the socket through the skin, the anode and cathode of the battery contacts the terminals of the plug. In the experiment, a 1.2 V NiMH AA battery was used to connect the green lead wires. Then, the multimeter was used to measure the potential from the terminals after the plug is inserted into the socket. The measured 1.2 V potential demonstrated effectiveness of electrical connection of the device in implantation occasions. Figure 10b shows the picture of the socket implanted in pork tissue by ultrasound imaging.

Figure 10. The implantation of device in pork tissue. (a) The picture of the device implanted in pork tissue. (b) The picture of the device implanted in pork tissue by ultrasound imaging.
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4. Conclusions

In this paper, a transdermal power transfer device for implantable applications was successfully fabricated. The interference fit between needles and stainless steel nets realized the reliable electrical connection and good maneuverability during power transfer process. PDMS encapsulation shell with a number of punctures on it showed good waterproofness for preventing tissue fluid infiltration. Furthermore, the low insertion force demonstrated easy insertion of the needle plug. Moreover, the little changes of charging temperature under 200 mA also indicated safe recharging. These characteristics were all desired in charging process. This transdermal power recharging system will be suitable for implantable applications.
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