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Abstract

:

Sweat collection and real time monitoring of sweat rate play essential roles in physiology monitoring and assessment of an athlete’s performance during exercise. In this paper, we report a micropump for sweat simulant collection based on the capillary–evaporation effect. An electrochemical sensor is integrated into the micropump, which monitors the flow rate in real-time by detecting the current using three electrodes. The evaporation rate from micropore array, equivalent to the sweat rate, was theoretically and numerically investigated. The designed micropump yields the maximum collection rate as high as 0.235 μL/min. In addition, the collection capability of the micropump was validated experimentally; the flow rate through the microchannel was further detected in real-time with the electrochemical sensor. The experimental maximum collection rate showed good consistency with the theoretical data. Our proposed device shows the potential for sweat collection and real-time monitoring of sweat rate, which is a promising candidate for being a wearable platform for real-time physiology and performance monitoring during exercise.
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1. Introduction


Sweat is an essential physiological biofluid that contains many important biomarkers (e.g., electrolyte, proteins, glucose, and lactate) related to health conditions such as dehydration, physical fatigue, mental stress and disease [1,2,3,4]. For this reason, sweat content analysis has drawn attention to sweat-related physiological monitoring and non-invasive disease diagnosis, providing information about the health and well-being of subjects, especially during sports activities [2,5,6,7,8]. Due to the secretion and reabsorption nature of sweat production within the sweat gland and duct, sweat composition concentrations vary with the changes in sweat rate [9,10,11]. In this respect, continuous collection of sweat and real-time monitoring of sweat rate are necessary prerequisites for sweat analysis, which shows potential in physiological studies aimed at diagnosing disease and optimizing performance.



Since the 1930s, sweat collectors have been developed by numerous collection methods for whole-body and local sweat analysis [9,12]. Whole-body sweat collection method has been confined to the laboratory [9], inappropriate for a portable sweat sensor. In the past decades, microfluidics and MEMS (Micro-Electro-Mechanical Systems) have shown advantages in fluid manipulation, biosensing and integration ability of multiple functional modules, which greatly contributed to the development of local sweat sensing devices. Surface tension and capillary forces were widely applied to drive and collect sweat using gauze pads, highly absorbent pads and well-designed configuration of microchannels [12,13,14]. Microheaters and temperature regulator have also been applied to accelerate the sweat evaporation rate [15,16]. However, these methods introduce complexity into the system and are difficult to realize a long-term continuous flow of sweat. Inspired by the transpiration in plants, several researchers [16,17,18] reported micropumps for passively generating a prolonged and continuous flow for sweat collection by using the combination of capillary and evaporation effects, revealing the advantages of simple operation, good flexibility and low fabrication cost. Nevertheless, these sweat collectors lack the real-time sensing and monitoring abilities for application in sweat sensing devices.



Sweat rate achieved from sweat collectors needs to be quantified for sweat content analysis. Initial studies on sweat rate were performed by determining the change in body mass, which was considered as a gold standard [9]. Recently, numerous sweat rate sensors have been realized based on electrical [10,19,20], electrochemical [1,2] and optical principles [21]. Lien et al. demonstrated a flow rate sensor based on the change in optical transparency of the optical fiber cantilever induced by flowing fluid. Francis et al. [10] and Yang et al. [20] reported the digital droplet method to characterize the sweat rate with variation in electrical conductivity. While these sensors have high sensitivity, the fabrication and integration procedures are complex. There are other sweat sensing devices using image analysis [22], humidity sensors [23], ventilated capsule technique [24] and calorimetric method [25,26,27]. However, real-time sensing of sweat rate still faces severe challenges, including complicated peripheral detection system, the capacity of real-time monitoring and the integration with active sweat collectors. Therefore, a microfluidic device capable of collecting long-term continuous sweat flow and integrating an on-chip sensor for real-time sweat rate monitoring is highly required.



Towards this goal, we present a novel micropump with an electrochemical sensor capable of actively collecting sweat and real-time monitoring of sweat rate. The device can drive and collect sweat using the combination of capillary and evaporation effects. In addition, we demonstrated an electrochemical sensor integrated into the designed micropump used for monitoring the sweat/evaporation rate in real-time. Using a theoretical evaporation model and numerical simulation, the maximum evaporation rate was studied. The effectiveness of the device, the capacity of the sweat collection, and real-time flow rate monitoring were experimentally validated.




2. Materials and Methods


2.1. Microfluidic Device Fabrication


Figure 1 shows the schematic of the proposed microfluidic device, which is made of a three-layer structure. The top layer (40 mm × 20 mm × 0.25 mm) of polymethyl methacrylate (PMMA) contains the inlet (5 mm in diameter) and three micropore arrays (250 μm in diameter and 500 μm in the interval) correspondingly connecting to the inlet cavity (5 mm in diameter) and outlet cavity (4.1 mm in diameter) of the middle layer (40 mm × 20 mm × 0.25 mm). A microchannel in the middle layer connects the inlet cavity and outlet cavity. The upper two layers are fixed onto a glass layer (40 mm × 22.5 mm × 1.5 mm), on which an electrochemical sensor is patterned beneath the microchannel. The three layers are stuck to each other with the double-sided adhesive film (SG-D02, Wenhao Co. Ltd., Suzhou, China). The electrochemical sensor, proposed for quantitatively measuring the evaporation rate equivalent to the sweat rate, consists of a triple-electrode (2 mm × 1 mm) system, being separated by identical gaps of 1 mm. Figure 1c shows the schematic of the printed electrodes used for electrochemical sensing: working electrode (WE), reference electrode (RE), and counter electrode (CE). The three electrodes are linked with three big exposed ones (5 mm × 4 mm) for connecting to peripheral measurement equipment. The electrochemical sensor is fabricated using a high vacuum magnetron sputtering coating system (JP-200, Technol Science Co. Ltd., Beijing, China). All the electrodes are made of inert gold to improve the sensitivity and to reduce the electrode drift.



For an applied wearable sweat collector, the inlet will be attached to the skin surface through an absorbent film. Hence, the sweat can be absorbed by the film and transported into the inlet cavity. Due to the capillary effect of the microchannel and the evaporation effect of micropores, the sweat will be driven into the microchannel and transmitted through the sensing area towards the outlet cavity. The continuous flow of sweat yields the variation in current detected by the electrochemical sensor, which can be applied to characterize the flow rate. In this study, we focus on the microfluidic aspect of sweat collection and the electrochemical sensor for monitoring flow/evaporation rate. A wearable and flexible sweat sensing device will be concerned in future studies.




2.2. Theoretical and Numerical Analysis of Evaporation Rate


2.2.1. Evaporation Theory


In the device, the capillary–evaporation effect of micropores at the outlet drives a continuous flow through the microchannel (see Figure 1), which leads to a volumetric evaporation rate Qe. To obtain the total evaporation rate Qe, we first consider the evaporation rate from a single micropore Qsingle. Based on the evaporation theory [16], the evaporation rate of a sessile droplet as shown in Figure 2 can be expressed as [28]


Qsingle=dVdt=−2πDMρc(Ta)−Hc(T∞)F(θ)a,



(1)




where V is the droplet volume, t is the time, D is the diffusion coefficient in air at ambient temperature, H is the relative humidity of the ambient air, M and ρ are the molar mass and the density of the vapor–liquid, and a is the radius of the bounding circle (Figure 2). Ta and T∞ are the temperature of the droplet and the ambient air, respectively. Accordingly, c(Ta) and c(T∞) the molar concentrations of saturated vapor at the corresponding temperature. F(θ) in Equation (1) is a function of the contact angle θ (Figure 2), which is given by [29]


F(θ)=2/π,θ=00.6366θ+0.0959θ2−0.0614θ3/sinθ,0<θ≤0.1750.00008957+0.6333θ+0.166θ2−0.08878θ3+0.01033θ4/sinθ,0.175<θ≤π



(2)







Note that Equations (1) and (2) denote the evaporation rate of a sessile droplet from a single micropore. In the case of micropore array in our device (Figure 1), the interdroplet interaction from neighboring micropores reduces the evaporation rate from a local micropore. To recognize this concern, the evaporation rate of the ith pore in an array of N pores can be corrected by introducing the evaporation correction factor ηi, which is expressed as


Qi=ηiQsingle.



(3)







Herein, the evaporation correction factors ηi of the droplet array are derived based on the approximate point source method, which satisfies a set of N linear equation


ηi+∑j=1,j≠iNηjajri−rj=1,i=1,2,⋯,N,



(4)




where aj is the radius of jth droplet and ri−rj denotes the distance between ith and jth droplet. In the case of a uniform micropore array [30], the average evaporation correction factor η¯ is calculated as


η¯=1N∑i=1Nηi.



(5)







The total evaporation rate Qe is thus given by


Qe=Nη¯Qsingle.



(6)







With Equations (1), (5) and (6), the analytical evaporation rate can be calculated, which was compared with both experimental and simulation results.




2.2.2. ANSYS Numerical Simulation


The maximum evaporation rate was characterized quantitatively using the engineering simulation software ANSYS. The 3-D simulation was conducted with the same dimensions of the microfluidic chip (see Figure 1). The fluid field of the microchannel was extracted as the simulation domain, which was divided into 446,349 elements and 407,375 nodes. The meshing result was imported into ANSYS Fluent 18.0. The modules including Viscous–Laminar model, Evaporation–Condensation model and Schiller–Naumann model were adopted to obtain a steady solution of flow rate. In the Evaporation–Condensation model, evaporation effect of micropores drives the fluid flow to the outlet cavity until saturated vapor pressure is reached, corresponding to the steady status. In this case, the evaporation rate was equivalent to the maximum flow rate for sweat collection. The maximum flow rate was obtained at a temperature of 20 ∘C. The fluid used in the simulation was water with the density of 1000 kg/m3.





2.3. Characterization of Electrochemical Sensor


2.3.1. Electrochemical Principle for Flow Rate Monitoring


The current response of an electrochemical detector is governed by the convection and diffusion towards the electrode surface and ruled by the hydrodynamic condition of the flow. A general current response for mass-transport-controlled reactions [31] is


il=nFADC/δ,



(7)




where n is the number of electrons transferred per molecule, F is the Faraday constant, A is the electrode area, D is the diffusion coefficient, and C is the bulk concentration of the electroactive species. δ denotes the thickness of the diffusion layer. According to the Nernst approximate approach, δ is empirically related to the average flow rate Q, which is expressed by


δ=B/Qα,



(8)




where B and α constants depend on the specific characteristics of the hydrodynamic conditions. By taking into account the hydrodynamic properties of the flowing solution, the limiting current of electrodes under steady-state condition is derived by solving the three-dimensional convective diffusion equation. For the proposed thin-layer electrodes in this study, the limiting current in Equation (7) can be expressed as


il=1.47nFCDA/b2/3Q1/3,



(9)




where A is the electrode area and b is the microchannel height. It can be seen from Equation (9) that the limiting current il is dependent on the volume flow rate Q, which is proportional to the one third power of Q. Hence, the variation in Q results in the variation in il, which can be measured with an electrochemical workstation for flow rate detection.




2.3.2. Experimental Validation


An experimental system (Figure 3) was constructed to validate the effectiveness of the proposed micropump for sweat collection and real-time sweat rate monitoring. The system consisted of a syringe pump, the microfluidic chip, an electrochemical workstation (CHI760E, CH, Shanghai, China) and a computer. As shown in Figure 3, a syringe fixed to a syringe pump (NE-1000, New Era, NY, USA) was connected to the inlet of the microfluidic chip. The syringe was filled with sodium chloride solution (NaCl 0.9% w/v) to simulate sweat. The three large electrodes of sensor integrated on the chip were connected to the electrochemical workstation. The detected current signal of the electrochemical workstation was transmitted to the computer for further analysis.



Before validating the designed device, we first calibrated the electrochemical sensor using the designed experimental system (Figure 3). NaCl solution was injected via a syringe pump at a predefined flow rate of 0.2 μL/min, 0.4 μL/min, 0.8 μL/min and 1.2 μL/min, which can simulate perspiration of human skin at different intensities of physical activity. In each case, the current corresponding to a steady flow rate was recorded and used to obtain the calibration curve of current as a function of flow rate.



After calibration, the capacity of sweat collection and real-time sweat rate monitoring was validated. A drop of NaCl solution was introduced into the inlet cavity, which was then covered with a PDMS film to avoid evaporation. The NaCl solution was thus driven by spontaneous evaporation of micropore arrays. The time evolution of the current was detected to characterize the flow rate in real time. In all cases, at least three trials were performed. All experiments were conducted at room temperature (20 ∘C).






3. Results


3.1. Maximum Evaporation Rate


To characterize the capacity of the designed micropump for sweat collection, we calculated the maximum evaporation rate based on the theoretical model in Section 2.2.1. With the dimensions of the microchannel (see Section 2.1), the evaporation rate Qe in Equation (6) was calculated. The three micropore arrays had a total evaporation rate of 0.241 μL/min at the temperature of 20 ∘C.



Numerically, the evaporation rate under the steady condition was investigated. Figure 4 shows the vector of evaporation velocity within the microchannel and the outlet cavities. The maximum evaporation velocity appeared at the micropore arrays. The average mass rates of the micropore arrays were: −1.324×10−9 kg/s, −1.332×10−9 kg/s and −1.328×10−9 kg/s. Herein, negative sign denotes the direction of evaporation. Thus, the total evaporation rate was 0.239 μL/min, which is consistent with the theoretical result.




3.2. The Capacity of Sweat Collection


We validated the collection capacity of micropump by introducing a drop of NaCl solution into the inlet cavity. The solution can immediately fill the microchannel due to its capillary effect. From the evolution of electrode current in Figure 5, the sharp increase current, in the beginning, corresponded to the quick filling. Afterwards, the approximate linear increase in current demonstrated the increase in the evaporation effect of micropores. The current leveled off after ∼50 s and remained at a constant level in the recording 120 s. The result reveals that the designed micropump could drive and transport sweat simulant using the capillary effect of microchannel followed by the evaporation effect of micropores, resulting in a continuous fluid through the sensing area for real-time flow rate monitoring.




3.3. Calibration of the Flow Rate Sensor


Before using the sensor for measurement, it was calibrated. As indicated in Figure 5, a steady evaporation rate resulted in a constant current. Therefore, the maximum current corresponding to a flow rate was applied for calibration. Figure 6 shows the calibration curve. The flow rate of the syringe pump ranged from 0.2 μL/min to 1.2 μL/min, and the corresponding maximum current in each case was detected. The calibration data confirm that the electrochemical sensor was working as expected; the current I was linearly related to Q1/3, as indicated in Equation (9).



The experimental data were fitted with a formula similar to Equation (9), which is given as


I=KQ1/3+i0,



(10)




where I is the detected current, i0 denotes a baseline offset and K is the slope coefficient. With the detected current at the different flow rate, we obtained a calibration curve with K≃1 and i0≃0.4. Based on Equation (10), the evolution of flow can be monitored in real time by detecting the electrode current.




3.4. Real-Time Monitoring of Flow Rate


Figure 7a shows an example of the current detected using the electrochemical sensor. The NaCl solution in the inlet cavity was driven and transported by the capillary effect of microchannel and spontaneous evaporation of micropores. As shown in Figure 7a, the current linearly increased until it reached a steady state. Using the calibration curve (Figure 6 and Equation (10)), the corresponding evaporation rates were obtained (Figure 7b), showing a similar tendency as the current. The evaporation effect gradually enhanced until it reached the maximum. This result demonstrates that, under the spontaneous evaporation, a duration of ∼50 s was needed for achieving the maximum evaporation rate. Similar but not identical responses were observed for different trials. For the three trials, the average of maximum evaporation rate was 0.235 μL/min, showing a good agreement with those of the theoretical model and the numerical simulation.





4. Discussion


Personalized healthcare and physiology monitoring could be achieved through real-time analysis of biochemical markers and biophysical factor in biofluids. Conventionally, blood is used as a gold standard for illness diagnosis and health examination. This approach is an invasive procedure and only provides information at a specific time. Sweat is an alternative that is easily accessible and contains rich useful information about physiological conditions. Therefore, in the past decade, sweat-based sensing devices have been extensively explored with the advancement in microfluidic and wearable technologies [1,4,12]. Nevertheless, there is still an increasing demand for a high-efficiency sweat collector capable of real-time sweat rate monitoring, which is essential for further sweat content analysis. To this end, we have proposed a microfluidic micropump for sweat collection and real-time sweat rate monitoring. The experimental results (see Section 3.4) demonstrate that the micropump can effectively collection sweat at a maximum rate of ∼0.24 μL/min, and that the flow rate can be monitored in real time with the integrated electrochemical sensor (Figure 7b).



The micropump for sweat collection in this study (see Figure 1) was designed using the capillary–evaporation effects inspired by transpiration in plants [16,17,30]. As indicated in the experimental results (Figure 5), the capillary of microchannel can quickly drive a flow that immediately (less than 2 s) fills the microchannel. Then, the following evaporations of micropores increasingly enhance and drive a continuous flow, showing a high driving efficiency for sweat collection. This driving method of the micropump reveals advantages over those based on capillary and evaporation effects [18,32]. Firstly, the driving forces are high. In addition to the capillary, the evaporation of micropores can be two orders higher than that induced from a macroscale surface [17,33]. Secondly, the evaporation rate equivalent to sweat collection rate is relatively high. The flow rate of evaporation is proportional to the evaporation area. With three micropore arrays (total area of ∼40 mm2), the maximum evaporation rate of ∼0.24 μL/min was achieved. This value is much higher than previously reported micropumps [14,16,18] (flow rate from 0.85 μL/min to 1.32 μL/min for evaporation area from 300 mm2 to 680 mm2) even with electrical fan (3.02 μL/min for 680 mm2) and heater (0.12 μL/min for 25 mm2). Moreover, the micropump is passive and without any external power supply, heater or electric fan. This not only reduces the difficulty in design and fabrication, but also seems promising for a sweat sensing device. It should be noted that the evaporation rate was theoretically and experimentally studied at the temperature of 20 ∘C. We kept the temperature consistent to mutually validate the results. However, for the ultimate application of the sweat sensing device, body surface temperature can enhance the evaporation rate and further the flow rate [15,16,18]. Moreover, many factors, such as number of pores and pore geometry, can be optimized to improve the collection capacity of the micropump.



Sweat rate is a critical parameter of sweat composition monitoring since analyte concentrations vary with the sweat rate due to the disease, exercise intensity and environmental conditions [11,12]. Herein, we integrated an electrochemical sensor (see Figure 1) into the micropump for monitoring the flow rate in real time. The sensor with three electrode reveals a simple structure and easy fabrication. It can be easily integrated into the micropump for realizing an on-chip flow rate monitoring. Besides, the patterned sensor is flexible which can be applied in a wearable device. The sensor characterizes the flow/sweat rate based on the electrochemical principle, which transduces the flow rate to a current signal (see Section 2.3.1). As such, the sensor can monitor the flow rate in real time by detecting the current evolution (Figure 7b). In addition, the sensitivity and measuring range of the sensor depend on the detection electrochemical workstation, which are limitations for some commercial and academic flow sensors [10,19].



The proposed sweat sensing device has the advantages of high driving efficiency, real-time monitoring, simple implementation, and easy-to-use. However, this study mainly focused on the microfluidic aspects for sweat collection and real-time flow rate monitoring. To be able to apply it as a wearable sweat sensor, at least two points need to be improved. One is the flexibility of fabrication materials. A flexible material, such as the polyethylene terephthalate (PET) [16], should be applied to replace PMMA (see Section 2.1) so that the device can closely attach to the skin for sweat collection. The other point is ambulatory. The proposed sensor is integrated into the micropump while a peripheral workstation is needed for detection. Efficient integration of detection system, wireless and powering components should be improved for ambulatory monitoring [12]. These aspects will be further investigated in the future study, to realize a flexible and wearable sweat sensing device for heath care and the monitoring of athletic performance.




5. Conclusions


In this study, we demonstrated a versatile microfluidic platform for sweat collection and real-time sweat rate monitoring. The proposed device can effectively drive and collect sweat simulant to the sensing microchannel based on the capillary–evaporation effect. Simultaneously, the sweat/evaporation rate could be measured in real-time with the three-electrode electrochemical sensor.The capacities of collection and real-time flow rate monitoring were experimentally validated. The maximum evaporation rate of the experimental result is consistent with theoretical and numerical results, revealing the effectiveness of the device. This proposed micropump shows the potential to be further developed into a wearable sweat collector for the real-time monitoring of sweat rate to evaluate health or athletic status.







Author Contributions


X.-M.C., Y.-J.L. and K.-R.Q. conceived and designed the experiments; D.H. performed the experiments and analyzed the data; H.-C.Z., C.-D.X., H.-C.C. and T.C. gave scientific support and conceptual advices; and Y.-J.L. wrote the draft. All authors discussed the results and commented on the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (No. 11672065) and the Fundamental Research Fund of Dalian University of Technology (DUT18RC(3)030 and DUT19ZD201).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jia, W.; Bandodkar, A.J.; Valdés-Ramírez, G.; Windmiller, J.R.; Yang, Z.; Ramírez, J.; Chan, G.; Wang, J. Electrochemical tattoo biosensors for real-Time noninvasive lactate monitoring in human perspiration. Anal. Chem. 2013, 85, 6553–6560. [Google Scholar] [CrossRef] [PubMed]

	



Bandodkar, A.J.; Gutruf, P.; Choi, J.; Lee, K.; Sekine, Y.; Reeder, J.T.; Jeang, W.J.; Aranyosi, A.J.; Lee, S.P.; Model, J.B.; et al. Battery-free, skin-interfaced microfluidic/electronic systems for simultaneous electrochemical, colorimetric, and volumetric analysis of sweat. Sci. Adv. 2019, 5, eaav3294. [Google Scholar] [CrossRef] [PubMed]

	



Oh, S.Y.; Hong, S.Y.; Jeong, Y.R.; Yun, J.; Park, H.; Jin, S.W.; Lee, G.; Oh, J.H.; Lee, H.; Lee, S.S.; et al. A Skin-Attachable, Stretchable Electrochemical Sweat Sensor for Glucose and pH Detection. ACS Appl. Mater. Interfaces 2018, 10, 13729–13740. [Google Scholar] [CrossRef] [PubMed]

	



Bandodkar, A.J.; Jeang, W.J.; Ghaffari, R.; Rogers, J.A. Wearable sensors for biochemical sweat analysis. Annu. Rev. Anal. Chem. 2019, 12, 8.1–8.22. [Google Scholar] [CrossRef] [PubMed]

	



Cho, E.; Mohammadifar, M.; Choi, S. A single-use, self-powered, paper-based sensor patch for detection of exercise-induced hypoglycemia. Micromachines 2017, 8, 265. [Google Scholar]

	



Curto, V.F.; Coyle, S.; Byrne, R.; Angelov, N.; Diamond, D.; Benito-Lopez, F. Concept and development of an autonomous wearable micro-fluidic platform for real time pH sweat analysis. Sens. Actuators B Chem. 2012, 175, 263–270. [Google Scholar] [CrossRef]

	



Godek, S.F. Sweat rate and fluid turnover in American football players compared with runners in a hot and humid environment. Br. J. Sports Med. 2005, 39, 205–211. [Google Scholar] [CrossRef] [PubMed]

	



Schazmann, B.; Morris, D.; Slater, C.; Beirne, S.; Fay, C.; Reuveny, R.; Moyna, N.; Diamond, D. A wearable electrochemical sensor for the real-time measurement of sweat sodium concentration. Anal. Methods 2010, 2, 342–348. [Google Scholar] [CrossRef]

	



Shirreffs, S.M.; Maughan, R.J. Whole body sweat collection in humans: An improved method with preliminary data on electrolyte content. J. Appl. Physiol. 1997, 82, 336–341. [Google Scholar] [CrossRef]

	



Francis, J.; Stamper, I.; Heikenfeld, J.; Gomez, E.F. Digital nanoliter to milliliter flow rate sensor with in vivo demonstration for continuous sweat rate measurement. Lab Chip 2019, 19, 178–185. [Google Scholar] [CrossRef]

	



Buono, M.J.; Claros, R.; DeBoer, T.; Wong, J. Na+ secretion rate increases proportionally more than the Na+ reabsorption rate with increases in sweat rate. J. Appl. Physiol. 2008, 105, 1044–1048. [Google Scholar] [CrossRef]

	



Kaya, T.; Liu, G.; Ho, J.; Yelamarthi, K.; Miller, K.; Edwards, J.; Stannard, A. Wearable sweat sensors: Background and current trends. Electroanalysis 2019, 31, 411–421. [Google Scholar] [CrossRef]

	



Berthier, E.; Beebe, D.J. Flow rate analysis of a surface tension driven passive micropump. Lab Chip. 2007, 7, 1475–1478. [Google Scholar] [CrossRef]

	



Guan, Y.X.; Xu, Z.R.; Dai, J.; Fang, Z.L. The use of a micropump based on capillary and evaporation effects in a microfluidic flow injection chemiluminescence system. Talanta 2006, 68, 1384–1389. [Google Scholar] [CrossRef] [PubMed]

	



Zimmermann, M.; Bentley, S.; Schmid, H.; Hunziker, P.; Delamarche, E. Continuous flow in open microfluidics using controlled evaporation. Lab Chip 2005, 5, 1355. [Google Scholar] [CrossRef] [PubMed]

	



Nie, C.; Frijns, A.J.H.; Mandamparambil, R.; den Toonder, J.M.J. A microfluidic device based on an evaporation-driven micropump. Biomed. Microdevices 2015, 17, 47. [Google Scholar] [CrossRef]

	



Li, J.M.; Liu, C.; Xu, Z.; Zhang, K.P.; Ke, X.; Li, C.Y.; Wang, L.D. A bio-inspired micropump based on stomatal transpiration in plants. Lab Chip. 2011, 11, 2785. [Google Scholar] [CrossRef]

	



Xu, Z.R.; Zhong, C.H.; Guan, Y.X.; Chen, X.W.; Wang, J.H.; Fang, Z.L. A microfluidic flow injection system for DNA assay with fluids driven by an on-chip integrated pump based on capillary and evaporation effects. Lab Chip 2008, 8, 1658–1663. [Google Scholar] [CrossRef]

	



Temiz, Y.; Delamarche, E. Sub-nanoliter, real-time flow monitoring in microfluidic chips using a portable device and smartphone. Sci. Rep. 2018, 8, 10603. [Google Scholar] [CrossRef]

	



Yang, Y.; Xing, S.; Fang, Z.; Li, R.; Koo, H.; Pan, T. Wearable microfluidics: fabric-based digital droplet flowmetry for perspiration analysis. Lab Chip 2017, 17, 926. [Google Scholar] [CrossRef]

	



Lien, V.; Vollmer, F. Microfluidic flow rate detection based on integrated optical fiber cantilever. Lab Chip 2007, 7, 1352–1356. [Google Scholar] [CrossRef] [PubMed]

	



Matzeu, G.; Fay, C.; Vaillant, A.; Coyle, S.; Diamond, D. A wearable device for monitoring sweat rates via image analysis. IEEE Trans. Biomed. Eng. 2016, 63, 1672–1680. [Google Scholar] [CrossRef] [PubMed]

	



Salvo, P.; Di Francesco, F.; Costanzo, D.; Ferrari, C.; Trivella, M.G.; De Rossi, D. A Wearable Sensor for Measuring Sweat Rate. IEEE Sens. J. 2010, 10, 1557–1558. [Google Scholar] [CrossRef]

	



Morris, N.B.; Cramer, M.N.; Hodder, S.G.; Havenith, G.; Jay, O. A comparison between the technical absorbent and ventilated capsule methods for measuring local sweat rate. J. Appl. Physiol. 2013, 114, 816–823. [Google Scholar] [CrossRef] [PubMed]

	



Koh, A.; Kang, D.; Xue, Y.; Lee, S.; Pielak, R.M.; Kim, J.; Hwang, T.; Min, S.; Banks, A.; Bastien, P.; et al. A soft, wearable microfluidic device for the capture, storage, and colorimetric sensing of sweat. Sci. Transl. Med. 2016, 8, 366ra165. [Google Scholar] [CrossRef] [PubMed]

	



Iftekhar, A.T.; Ho, J.C.T.; Mellinger, A.; Kaya, T. A Real-Time Wireless Sweat Rate Measurement System for Physical Activity Monitoring. J. Appl. Phys. 2017, 121, 094505. [Google Scholar] [CrossRef]

	



Brueck, A.; Iftekhar, T.; Stannard, A.; Yelamarthi, K.; Kaya, T. 3D modeling and characterization of a calorimetric flow rate sensor for sweat rate sensing applications. Sensors 2018, 18, 533. [Google Scholar] [CrossRef]

	



Semenov, S.; Starov, V.M.; Velarde, M.G.; Rubio, R.G. Droplets evaporation: Problems and solutions. Eur. Phys. J. Spec. Top. 2011, 197, 265–278. [Google Scholar] [CrossRef]

	



Schönfel, F.; Graf, K.H.; Hardt, S.; Butt, H.J. Evaporation dynamics of sessile liquid drops in still air with constant contact radius. Int. J. Heat Mass Transf. 2008, 51, 3696–3699. [Google Scholar] [CrossRef]

	



Kokalj, T.; Cho, H.; Jenko, M.; Lee, L.P. Biologically inspired porous cooling membrane using arrayed-droplets evaporation. Appl. Phys. Lett. 2010, 96, 163703. [Google Scholar] [CrossRef]

	



Wang, J. Mass transport and current response. In Analytical Electrochemistry; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006; pp. 103–106. [Google Scholar]

	



Walker, G.M.; Beebe, D.J. An evaporation-based microfluidic sample concentration method. Lab Chip 2002, 2, 57–61. [Google Scholar] [CrossRef] [PubMed]

	



Nilson, S.E.; Assmann, S.M. The control of transpiration. Insights from arabidopsis. Plant Physiol. 2007, 143, 19–27. [Google Scholar] [CrossRef] [PubMed]








[image: Micromachines 10 00457 g001 550]





Figure 1. (a) Schematic of the proposed microfluidic device; (b) an image of the real device; and (c) structural diagram of the device consisting of three layers. 
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Figure 2. Schematic of sessile droplets evaporated from the arrayed micropores. 
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Figure 3. Schematic diagram of the experimental system. 
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Figure 4. Vector of evaporation velocity at the whole fluid domain and at the outlet cavities (upper left). 
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Figure 5. Time evolution of electrode current after introducing a drop of NaCl solution into the inlet cavity. 
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Figure 6. Calibration curve of the electrode current I as a function of the flow rate. 
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Figure 7. Measurement results of the detected current (a); and the corresponding evaporation rate (b). 
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