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Abstract

:

This paper presents an autonomous energy harvester based on a textile-based enzymatic biofuel cell, enabling an efficient power management and on-demand usage. The proposed biofuel cell works by an enzymatic reaction with glucose in sweat absorbed by the specially designed textile for sustainable and efficient energy harvesting. The output power of the textile-based biofuel cell has been optimized by changing electrode size and stacking electrodes and corresponding fluidic channels suitable for following power management circuit. The output power level of single electrode is estimated less than 0.5 μW and thus a two-staged power management circuit using intermediate supercapacitor has been presented. As a solution to produce a higher power level, multiple stacks of biofuel cell electrodes have been proposed and thus the textile-based biofuel cell employing serially connected 5 stacks produces a maximal power of 13 μW with an output voltage of 0.88 V when load resistance is 40 kΩ. A buck-boost converter employing a crystal oscillator directly triggered by DC output voltage of the biofuel cell makes it possible to obtain output voltage of the DC–DC converter is 6.75 V. The efficiency of the DC–DC converter is estimated as approximately 50% when the output power of the biofuel cell is tens microwatts. In addition, LT-spice modeling and simulation has been presented to estimate power consumption of each element of the proposed DC–DC converter circuit and the predicted output voltage has good agreement with measurement result.
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1. Introduction


Wearable devices have gained significant interest from academia and industry owing to their immense applications such as biomedical, health and entertainment, etc. [1,2]. To realize the internet of things (IoT) for human body data or human–machine interactions, wearable devices need to be capable of undertaking multiple complex tasks and require long term and sustainable energy sources. Concerning the energy sources for wearable electronics, flexible and stretchable batteries have attracted attention due to their suitable nature for wearable devices [3,4]. Stacked thin-film planar structure batteries can be integrated into compliant substrate such as a paper [3]. This approach has evolved into the shape of a fiber or wire allowing integration with wearable garments [5,6,7,8,9]. Recently, nanogenerators based on different principles such as piezoelectric, light, triboelectric, and thermoelectric have been reported [10,11,12,13,14,15,16,17]. Besides, stretchable batteries have been proposed using bridge-island design, winding fiber, stretchable fabric, etc. [18,19,20,21]. As an alternative solution, wearable energy harvesters harnessing energy directly from the wearer’s body based on biofuel cell have been recently reported [22]. Biofuel cells (BFCs) rely on the use of biocatalytic redox enzymes to convert chemical energy into electrical energy. Most of the reported biofuel cells use blood glucose as a fuel and thus complex invasive implantation within the wearer is indispensable [23,24,25]. Therefore, the need for easy-to-wear non-invasive BFCs as a wearable energy source is highly increased. To address the above issues, the wearable power supply needs to be developed, which enables to generate electric power from body fluid for sustainable operation [26,27]. Many biofuel cells used textile and paper substrates as flexible electrodes or fuel reservoirs [28,29,30], and the previously reported paper-based biofuel cells had a maximum power density of 13.5 μW/cm2 in Zhang et al. [31], 5.5 μW/cm2 in Fraiwan et al. [32], etc. However, due to biofuel depletion and solvent evaporation in the hydrostatic electrolyte, the output power significantly decreased and the lifetime was very limited; electrolyte refilling or paper exchange was needed. Some studies used a paper substrate as a fuel supplier to improve the output power by the induced capillary flow [33,34,35,36]. However, studies on the critical role of high-speed, sustainable capillary flow generation have rarely been carried out, and there is still lots of room for improvement in terms of the durability and lifetime of the biofuel cells. The capillary-driven flow not only supplies the fuel for the redox reaction, but also enables efficient mass transfer (e.g., oxygen or intermediate products) between the anode and cathode, which mainly depends on flow speed. Therefore, a wearable textile-based glucose fuel cell has been proposed using moisture management fabrics (MMF) for improved and long-term power generation as shown in Figure 1 [37] © 2019 IEEE. MMF is widely used as basic materials for a sportswear and shows very fast sweat absorption and water evaporation. It is composed of polyester with modified cross-sectional shapes for quick water absorbing and wicking and has the series of closely spaced channels for high evaporation. The balance between fast water evaporation and absorption enables high flow rate and continuous flow within MMF. Owing to low-cost and scalable fabrication process, it can be easily integrated into clothes, socks or underwear to utilize the human body fluid like sweat, tear or urine as fuel resource to generate energy for wearable devices. Concerning power management circuit for the energy harvester, it typically consists of rectifier, DC–DC converter, and power storage element. Since power storage element usually requires a DC voltage input, an energy harvesting circuit needs AC–DC rectifier after the energy harvester like in piezoelectric energy harvesters and electromagnetic power devices [38,39,40]. In case of BFCs, they provide DC output current enabling direct powering of power storage elements. However, direct powering wearable devices with BFCs may be undesirable due to its low output voltage and load dependent characteristics [41]. Thus, a DC–DC converter is required as an interface circuit between biofuel cell and wearable electronics. The role of power management circuit for energy harvesters is for delivering maximum power from energy harvesters to energy storage element, for example, battery. Basically, it is achieved by matching load resistance with the internal resistance (or impedance) of the energy harvesters. For dealing with low input power or voltage of energy harvesters based on biofuel cells, intermediate capacitor for accumulation of enough charge to transfer to output [42] or micro-transformer for step-up oscillator [43] have been used. Alternatively, parallel multiple fuel cell elements are proposed for most efficient energy harvesting [44]. As biofuel cells typically produce non-constant output voltage, feedforward control of DC–DC PWM (Pulse Width Modulation) boost converter is a way to achieve high efficiency power conversion significantly improving the performance of this DC–DC converter. In this paper, autonomous textile-based enzymatic biofuel cell combined with DC output voltage-driven DC–DC converter is presented. The DC output voltage of biofuel cell is optimized by studying the dependence of output power on number and size of the biofuel cell’s electrode. Brief introduction of textile-based enzymatic biofuel cell is presented in Section 2. Section 3 discusses electrical characterization of the textile-based enzymatic biofuel cell. Power management circuit simulation and experimental results are presented in Section 4. Finally, Section 5 summarize our works.




2. Textile-Based Enzymatic Biofuel Cell


The principle of the fabricated textile-based enzymatic biofuel cell is depicted in Figure 1, which has been previously reported by Wang et al. [45] The textile-based glucose fuel cell consists of MMF, carbon cloth-based cathode and anode, and conductive thread as shown Figure 1a. As depicted in Figure 1b, the cathode and anode were fabricated by coating carbon cloth with Prussian blue (PB) nanoparticles and glucose oxidase (GOD), respectively. Figure 1c shows cross-section of the electrode of the biofuel cell. In the presence of glucose, the enzyme-catalyzed reaction occurs between glucose and the oxidized form of GOD at the anode. The dissolved oxygen in the aqueous solution as a natural mediator could be spontaneously reduced to hydrogen peroxide by the electrocatalytic reaction of the reduced form of GOD [46,47,48]. Hydrogen peroxide produced by the GOD-modified anode reacts with the reduced form of PB at the cathode and can be finally reduced to neutral water by the following reactions:


  G O D  (  F A D  H 2   )  ↔ G O D  (  F A D  )  + 2  H +  + 2  e −   



(1)






  G O D  (  F A D  )  + g l u c o s e → G O D  (  F A D  H 2   )  + g l u c o n o l a c t o n e  



(2)






  G O D  (  F A D  H 2   )  +  O 2  → G O D  (  F A D  )  +  H 2   O 2   



(3)






   H 2   O 2  →  O 2  + 2  H +  + 2  e −   



(4)






   K 4  F  e 4  I I      [  F  e  I I      (  C N  )   6   ]   3  + 2  H 2   O 2  → F  e 4  I I I      [  F  e  I I      (  C N  )   6   ]   3  + 4  K +  + 4 O  H −   



(5)






  F  e 4  I I I      [  F  e  I I      (  C N  )   6   ]   3  + 4  K +  + 4  e −  ↔  K 4  F  e 4  I I      [  F  e  I I      (  C N  )   6   ]   3   



(6)







Especially, the carbon cloth for the cathode is treated with 30% PTFE to enable the air exchange within the cathode. Hence, the PB could be electrochemically reduced again enabling spontaneous recharging and long-term use [49,50]. MMF in the middle functions as transport layer, on which fluid channels are patterned with hydrophobic boundary, for fuel resource absorption and transport. Owing to the continuous and high-speed flow in the MMF, the proposed textile-based biofuel cell is able to work for more than 12 h (Figure S1). The conductive thread is used as a current collector to connect with the external loads.



The fabrication process of the biofuel cell is the same as that described in our previous studies in detail [45] (Figure S2). Carbon fabric without waterproofing and with 30% polytetrafluoroethylene waterproofing (AvCarbTM 1071 HCB, Ballard Material Products) was used for the substrate of the anode and cathode, respectively. Commercial GOD (from Aspergillus niger, EC 1.1.3.4, Type X-S, Sigma-Aldrich, Seoul, Korea) immobilization on the carbon fabric (1 cm2) was conducted at 4 °C with 0.1 M acetate buffer solution (mixed solution of acetic acid and sodium acetate) at pH 5 and GOD concentrations (6 mg/mL) over 6 h, followed by 15-min washing with acetate buffer solution to remove any residue. The GOD-immobilized carbon fabric was then dried and stored in a fridge at 4 °C before use [51]. A mass of 6 mg PB nanoparticles, 2 mg carboxylated multi-walled carbon nanotube (MWCNT), and 5 mL of 5 wt% Nafion was sequentially added to 100 mL isopropyl alcohol and 30 mL DI water, followed by vortex-mixed and sonicated to prepare 1 cm2 of PB-immobilized cathode [52]. The suspension was brushed onto the carbon fabric, layer-by-layer, and the as-prepared cathode was baked overnight at 100 °C to stabilize the PB/MWCNT composite. MMF is single jersey knitted fabrics composed of 92% polyester and 8% polyurethane. The microscope image of MMF and the SEM images of the GOD- and PB-immobilized carbon cloth are shown in Figure S3. To guide the fuel source to the electrode region, 10-mm-wide channels were patterned onto the transport layers with hydrophobic boundaries using a silk screen printing procedure [53]. Before attaching the carbon fabrics-based electrodes onto the transport layer, a stainless steel conductive thread (Adafruit 640, New York City, NY, USA) was hand-sewn onto the carbon fabric. Finally, the two pieces of carbon fabric with the cathode and anode were bonded to the top and the bottom side of the transport layer, respectively, with solvent-free fabric adhesive (UHU textile).



Voltage-Current response of the fabricated biofuel cell has been measured in the following way; D-(+)-glucose (G8270, Sigma Aldrich) solutions were prepared in phosphate-buffered saline (PBS, pH 7.4), subjected to mutarotation at room temperature for 24 h, and stored at 4 °C before use. After the glucose solution was added to the biofuel cell, the voltage and current signals were recorded using the LabVIEW program (National Instruments) by a computer which was connected to a picoammeter/voltage source (6487, Keithley Instrument) through a general-purpose interface bus card (PCI-GPIB, National Instruments). The current–voltage (I–V) curves were obtained in a potentiostatic mode, and each voltage step was maintained for 10 s to acquire steady-state I–V curves. Figure 2 shows measurement results of I-V curve of the single electrode biofuel cell. The biofuel cell device with single electrode provides output power of 15 μW/cm2 with Voc = 0.3 V and Isc = 200 μA, where Voc is open circuit voltage and Isc is short circuit current. Through electrical characterization, it is found that maximal power transfer is realized when Vout = Voc/2 and Iout = Isc/2. Thus, output voltage of the biofuel cell with single electrode at maximal power output mode is theoretically 0.15 V since open circuit voltage (Voc) is 0.3 V. The output voltage amplitude becomes important when the selected oscillator component of power management circuit needs at least 1 V threshold voltage for triggering clock signal as will be explained later. Therefore, it is required to increase the DC output voltage of the biofuel cell for autonomous operation of power management circuit. It has been achieved through series connection of 5 stacks of electrodes and modified fluidic channel and reservoir as shown in Figure 3. The 5 electrode-stacked biofuel cell provides 70 μW of maximal power when Vout = 0.5 V and Iout = 140 μA, as presented in Figure 4. It should be noted that output current and output power levels have substantial fluctuation as represented by error bars in Figure 4.




3. Electrical Characterization of Biofuel Cell with Load Resistance


The objective of electrical characterization of the fabricated biofuel cell is to find internal resistance for the design of optimal power management circuit design. The biofuel cells fabricated in the previous section has been characterized as a function of load resistance, while a glucose solution of 100 mM is fed from one end of the textile-based biofuel cell as depicted in Figure 5a. Output power evolution of 3 biofuel cell samples from same fabrication group has been presented in Figure 5b–d. The output power of the biofuel cell starts to increase as feeding time of glucose solution is increased. However, it tends to be reduced after 30 min as seen in Figure 5b. The optimal load resistance for maximum power transfer is found around 100 kΩ for all of the samples and maximum power obtained ranges from 300 nW to 450 nW with the electrode (black colored patch in the figure) size of 1 cm2. Output voltages are measured less than 200 mV which is too low to trigger X-tal oscillator component for DC–DC converter for autonomous operation as explained earlier.



Therefore, it is necessary to enhance output power and output voltage of the biofuel cell for subsequent DC–DC converter to be operated in an autonomous mode. Firstly, this is done by increasing the electrode size by 1.5 times of the initial design and a wind of 0.8 m/s is applied to the biofuel cell with a fan. The wind plays a role of accelerating of liquid evaporation and thus preventing the channel from being saturated by the glucose solution. The wind speed corresponds to the slow walking speed of humans, which is about 1.4 m/s [18]. The output power measurement result of the biofuel cell with the enlarged electrode is shown in Figure 6. As expected, the biofuel cell with 1.5 times larger electrode shows output power density of 1.4 µW/cm2. The optimal load resistance is found to be 2–4 kΩ. For comparison, the initial biofuel cell provides output power density of 0.3–0.44 µW/cm2 with optimal load resistance of 100 kΩ. It is found that the output voltage is around 0.3 V even if output power level is substantially enhanced.



As explained in previous section, the biofuel cell is modified to get a serially connected 5-stack electrode to increase its output DC voltage. Figure 7a shows output power measurement setup with resistance load. The glucose solution is fed through 5 separate MMF fabric from the reservoir. Output power measurement result of the biofuel cell with 5 stacks is shown in Figure 7b. The maximum output power increases up to 14 μW when load resistance is 40–60 kΩ. The output voltage of the biofuel cell with 5 stacks of electrode is 0.84 V, which is evidently high enough to trigger the X-tal oscillator of DC–DC converter.




4. Power Management Circuit


It has been estimated with load resistance method that the fabricated biofuel cells have output power level of 300–450 nW with single electrode and that of 13 μW with 5 stacks of electrodes in the previous section. For the single electrode biofuel cell, two stages approach including charging and DC–DC conversion has been adopted to compensate the low output voltage and low output power. Figure 8 shows schematic of the two-staged power management circuit. It is operated as follows: (1) small output current Ibf is charged in a supercapacitor Csp of 0.22 F to get enough voltage for power conversion of DC–DC converter; (2) By switching on after superconductor charging, DC–DC converter is then connected to supercapacitor for step-up of the voltage output. According to Figure 9a, DC voltage conversion starts after supercapacitor charging time of 40 min when the input voltage of DC–DC converter becomes 100 mV. The DC–DC converter is used to step up the supercapacitor voltage suitable for conventional battery charging. Energy stored at the supercapacitor is converted through inductor L and diode D before it is charged into output capacitor C by adjusting duty cycle of clock control signal of switch. Evolution of the voltage on supercapacitor and C at different conditions is presented in Figure 9b. Output voltage is ranged from 2.5 V to 4 V and conversion time is around one minute for all the cases.



As the biofuel cell with 5 stacks provides higher output voltage as well as higher output power than that of the single electrode biofuel cell, the two-stage power management circuit can be replaced with a simple circuit. Our approach is to use the DC output voltage of the biofuel cell as a trigger signal of commercial quartz oscillator (OV-7604-C7, low power crystal oscillator 32.768 kHz, Micro Crystal Switzerland). Referring to datasheet of the quartz oscillator, required minimum DC voltage is 1.2 V. This minimal DC voltage could be made from output of biofuel cell by using a transformer [43]. In our case, constraint on device size is not a concern as it is based on textile for workout wear and thus multiple stacks of current-generating electrode having corresponding fluidic channel and common reservoir at the end of the channel have been used to create wanted DC output voltage. A schematic of the biofuel cell energy harvester with power management circuit is shown in Figure 10. The X-tal oscillator is used as clock generator for switch element of DC–DC converter. Frequency and duty cycle of the switching action determines input impedance of the power management circuit given in Equation (7).


   R  i n   =   2 L  f  s w      D 2     



(7)







As frequency and duty cycle of the X-tal oscillator is fixed 32.7 kHz and 50% respectively, input impedance is expected to be 57.6 kΩ. The operating point of power management circuit is in quasi-optimal range for power transfer. Next, the LT-spice circuit model of the biofuel cell with power management circuit, presented in Figure 11, has been simulated to find theoretical efficiency of the power management circuit. The biofuel cell is modelled as current-controlled voltage; the experimental results of maximum power transferred to load resistance have been used to determine current source value and gain of the dependent voltage. Concerning clock signal for transistor switch, it is defined as behavior source referring to DC output voltage, V1. A sinusoidal source with frequency of 32.7 kHz is used for the experiment. Figure 12 shows waveforms of inductor current (IL), oscillator voltage (Vosc), and inductor voltage (VL+). It shows typical behavior of DC–DC converter and the rms values of important elements for power consumption of the DC–DC converter are 50.4 μA for IL, 44.4 μA for Ic(Q1). The theoretical efficiency of the power management circuit based on the simulation results has been estimated and summarized in Table 1. Most of the input power from biofuel cell is dissipated for switching operation and the estimated efficiency of the power management circuit is 74.5%. Note that resistance of MOS and inductor elements are assumed to get largest value from commercial products and an ideal diode element is considered.



The biofuel cell with 5 electrodes is measured with a power management circuit board, as shown in Figure 13. During characterization, a wind of 0.8 m/s is applied onto the biofuel cell. The wind plays the role of accelerating liquid evaporation and thus preventing the channel from being saturated by the glucose solution.



The output signal of the oscillator is first checked, and it has 0.9 V peak amplitude of 32.7 kHz oscillation frequency as presented in Figure 14.



The output voltage of the power management circuit has been measured, and it showed typical capacitor charging characteristics as presented in Figure 15. Output power is estimated to be 6.9 μW and thus measured efficiency is around 50%. Disparity between theoretical and experimental is caused by power wastes through measurement environment and diode resistance etc. Figure 16a,b shows output voltage charging 220 μF capacitance at different input powers. The efficiency of the DC–DC converter is then measured as a function of input power as shown in Figure 16c. The efficiency of the power management circuit reaches 70% with input power of 80 μW, while it falls to 30% at input power of 10 μW. It might come from the trigger signal quality taken from biofuel cell output for the X-tal oscillator. Note that actual minimal voltage for the X-tal oscillator is found 0.7 V because the oscillator has been turned off at lower trigger voltage.



Even though the glucose concentration for this work (100 mM) is higher than that in human sweat (about 0.1 mM), the possibility of autonomous DC-to-DC covert from our proposed power management system was successfully validated when the electricity is harvested from the textile-based enzymatic biofuel cell. We obtained some experimental results to investigate the effect of glucose concentration on power generation in a single biofuel cell (Figure S4) and found that the generated OCV is similar with respect to the variation of glucose concentration. Therefore, the oscillator would still work out with the 5 electrode-stacked biofuel cells because the out voltage exceeds the start-up voltage in the proposed circuits. Obviously, the energy conversion efficiency would be reduced due to a low power density in the low concentration. Therefore, the ASIC circuit having the same function of the proposed system is needed to work out in real human sweat.




5. Conclusions


An energy harvester based on textile-based enzymatic biofuel cell has been presented for wearable electronics. A textile-based biofuel cell using human body fluid is very useful in that it is an easy-to-wear, non-invasive way to achieve a wearable energy source. The output power level of the single electrode sizing of 1 cm2 is measured at about several hundred nanowatts, while a 5-stack biofuel cell produces tens of microwatts. It is also found that wind plays an important role to get higher and time-stable output power level. A two-staged power management circuit with charging supercapacitor has been implemented for submicrowatt-level biofuel cell, whereas X-tal oscillator-driven buck-boost DC–DC converter is used for a 5-stack biofuel cell due to its high voltage output, allowing to trigger X-tal oscillator. The 5-stack biofuel cell achieves a minimum voltage of 0.7 V for X-tal osillator triggering, which attains an efficiency of 50% when input power is tens of microwatts. Besides, power consumption of the proposed DC–DC converter circuit has been estimated through LT-spice modeling and simulation. The output voltage of the biofuel cell has shown time-dependent fluctuation even with the same load resistance. Hence, it is necessary to comply such a fluctuation to achieve higher efficiency power management circuit. As input resistance depends on duty cycle of switch control signal, a PWM (Pulse Width Modulation) enabling adaptive duty cycle will be adopted into the power management circuit for the biofuel cell in near future. Furthermore, ASIC circuit and its 3D packaging and integration technique should be developed due to the flexible nature of the wearable devices to integrate the biofuel cell and related power management circuit with wearable devices and sensors.
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Figure 1. A single electrode biofuel cell: (a) working principle (b) fabricated biofuel cell (c) cross-section of AA’ of the electrodes. 
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Figure 2. Static electrical characteristics of single biofuel cell. 
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Figure 3. Biofuel cell with serially connected 5 stacks and modified fluidic channel. 
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Figure 4. Static electrical characteristics of biofuel cell with serially connected 5 stacks and modified fluidic channel. 
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Figure 5. Characterization of output power of single electrode biofuel cell. (a) Output power measurement with load resistance method [37] © 2019 IEEE; (b) Output power measurement result; sample 1; (c) Output power measurement result; sample 2; (d) Output power measurement result; sample 3. 
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Figure 6. Output power of enlarged single electrode biofuel cell. 
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Figure 7. Characterization of output power of serially connected 5-stack biofuel cell. 
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Figure 8. Schematic of two-staged power management circuit for single electrode biofuel cell. 
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Figure 9. Measurement results of two-staged power management circuit for single electrode biofuel cell [37] © 2019 IEEE. 
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Figure 10. Schematic of biofuel cell energy harvester with power management circuit. 
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Figure 11. LT-spice circuit model of biofuel cell with power management circuit. 
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Figure 12. Simulation results; inductor current (IL), oscillator voltage (Vosc), and inductor voltage (VL+). 
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Figure 13. Measurement setup and power management board for biofuel cell with 5 electrodes. 
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Figure 14. Output signal of oscillator. 
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Figure 15. Output voltage of power management circuit. 
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Figure 16. Efficiency of power management circuit as function of input power. 
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Table 1. Estimated power consumption of the power management circuit.






Table 1. Estimated power consumption of the power management circuit.





	Items
	Governing Equations
	Values





	Output power of biofuel cell Pbf
	Vbf × Ibf = 0.88 V × 15.9 μA
	14 μW



	Oscillator power Posc
	0.9 V × 300 nA
	0.27 μW



	Switching power Psw
	Cgate × Vsw2 × fsw

= 100 pF × (0.9 V)2 × 32.7 kHz
	2.65 μW



	MOS power PMOS
	Ic(Q1)rms2 × Ron,MOS

= (111 μA)2 × 1 Ω
	12.3 nW



	Inductor power Pind
	ILrms2 × Rind

= (119 μA)2 × 45 Ω
	0.64 μW



	Efficiency Pout/Pin
	(Pbf − Posc − Psw − PMOS − Pind)/Pbf
	74.5%











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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