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Abstract

:

Blood viscosity is influenced by several factors, including red blood cell (RBC) deformability, hematocrit (Hct), and plasma protein levels. To effectively isolate the individual contributions of several factors, it is necessary to simultaneously measure the viscosities of the blood and plasma. In this study, the viscosities of suspended blood and plasma were obtained sequentially by adopting an ultrasonic transducer for plasma separation and a co-flowing microfluidic channel for viscosity measurement. To improve the measurement accuracy of viscosity, the correction factor was obtained through experiments and numerical simulations, which was then inserted into the analytical expression for viscosity. To stabilize the pulsatile blood flow resulting from a micropump, the frequency (f) and voltage (v) were set to f = 300 Hz and v = 140 au, respectively. Flexible polyethylene tubing (i.d. = 500 µm, length = 40 mm) was connected to the microfluidic device as an air damper. Consequently, the coefficient of variance of the blood velocity decreased by up to 1%. As a demonstration, suspended blood (Hct = 20%, 30%, and 40%) was prepared by adding normal RBCs to autologous plasma. Compared with the previous method, the present method overestimates the viscosity values of both the fluids (i.e., suspended blood: 14–25% and plasma: 7–21%). The present method has the ability to sequentially measure the viscosities of suspended blood and plasma. The integrated system contributes to reducing blood-handling procedures (i.e., blood collection, blood loading into the syringe, and syringe installation into the syringe pump).
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1. Introduction


Blood consists of cells (i.e., red blood cells, white blood cells, and platelets) and plasma [1]. Red blood cells (RBCs) play a critical role in gas (i.e., oxygen or carbon dioxide) transport between capillary vessels and peripheral tissues. As RBCs constitute approximately 40–50% of the blood volume, they have been regarded as a determinant factor of blood viscosity in comparison with the remaining cells. In other words, blood viscosity is predominantly determined by RBC mechanical phenotypes or hematocrit (Hct). Several biomechanical factors, including liquid-bilayer viscoelasticity, cytoplasmic viscosity, and apparent RBC morphology, contribute to changing blood viscosity [2]. However, Hct causes a substantial increase in blood viscosity [3]. Blood viscosity has a considerable influence on the blood flow in microcirculation or pressure drop within a confined vessel. In addition to RBCs, plasma contributes to elevated blood viscosity. According to previous studies, blood viscosity provides meaningful information for the monitoring or diagnosing of several diseases [4,5,6]. Recently, blood viscosity has been used to detect hyper-viscosity syndrome [7], blood coagulation [8,9], and RBC storage lesions [6,10].



A microfluidic platform has distinctive advantages, such as small sample consumption, short experiment time, fast response, and high sensitivity, when compared with bulk-sized conventional facilities. Several methodologies have been suggested for obtain blood viscosity [11]. Based on the well-known Poiseuille equation (i.e., pressure drop = fluidic resistance × flow rate) [12], fluidic resistance can be obtained by measuring either the pressure drop or flow rate. Fluidic resistance is proportional to the blood viscosity in a rectangular microfluidic channel. In principle, the blood viscosity can be obtained by measuring the fluidic resistance quantitatively, especially under a specific flow rate or pressure drop. According to previous studies, several methodologies for measuring fluidic resistance (i.e., interface location in the co-flowing channel [13,14], digital flow compartment [15,16,17], and droplet length [8,9]) or pressure drop (i.e., liquid-air interface movement [18], and membrane displacement [19,20,21]) have been suggested for obtaining blood viscosity. By supplying blood (or plasma) into a microfluidic channel, these methods are employed to measure the viscosity of blood or plasma. As the viscosity of whole (or suspended) blood is influenced by several factors, including RBC deformability, Hct, and plasma proteins, the contributions of several factors need to be understood. Therefore, it is necessary to isolate the individual effects of these factors. However, most of the previous methods focused on the accurate measurement of blood viscosity in microfluidic devices; they have a limitation in the simultaneous measurement of viscosities of whole blood (or suspended) blood and plasma. To resolve this issue, it is essential to separate the plasma from blood [22,23,24] and sequentially supply both fluids into a microfluidic device. Subsequently, the viscosities of both fluids were measured by adopting a coflowing method reported in previous studies [13,25,26,27,28]. Here, when blood and reference fluid are supplied at a specific flow rate ratio, interface between two fluids is determined by viscosity ratio of two fluids. As viscosity of reference fluid is specified in advance, blood viscosity can be obtained by quantifying blood-filled width in the coflowing channel.



In this study, the viscosity values of suspended blood and plasma were sequentially measured by adopting an ultrasonic transducer and co-flowing method in a microfluidic device. To measure the two viscosity values of both fluids sequentially, first, without operation of the ultrasonic transducer, a micropump was used to supply the suspended blood into the microfluidic device from the transducer. Blood viscosity was measured using the co-flowing technique. Second, by operating the ultrasonic transducer for a certain time, plasma and RBC were separated inside the transducer. Thereafter, the micropump was used to supply plasma into the microfluidic device from the transducer. The plasma viscosity was then obtained using the co-flowing method.



Compared with the previous study [22], using a micropump for delivering suspended blood and plasma separated by the ultrasonic chamber, the present method is capable of sequentially measuring the viscosities of blood and plasma. Moreover, the integrated system contributes to the reduction of blood handling procedures (i.e., blood collection from the ultrasonic chamber, blood loading into a disposable syringe, and blood delivery with a syringe pump). The expensive and bulky syringe pump was replaced with a micropump system.




2. Materials and Methods


2.1. Experimental Setup for Plasma Separation and Viscosity Measurement


To separate the plasma from the suspended blood and sequentially measure the individual viscosities of blood and plasma, as shown in Figure 1A, plasma separation and quantification of blood flow were suggested. Figure 1(A-i) shows a schematic of the experimental setup, including a microfluidic device, ultrasonic transducer, two pumps (i.e., micro pump for blood and syringe pump for reference fluid), and microscopic image acquisition system. The microfluidic device was composed of two inlets (a, b), a blood channel (BC, width = 200 µm), a reference fluid channel (RC, width = 200 µm), a co-flowing channel (CC, width = 400 µm), and an outlet. The depth of all the channels was fixed at 50 µm. Based on the protocol reported in a previous study [22], a polydimethylsiloxane (Sylgard 184, Dow Corning, Midland, MI, USA) microfluidic device was fabricated using the soft lithography technique. To stabilize the pulsatile blood flows generated by the micropump, an air damper was connected to inlet (a) [29]. The air damper was embodied by clamping the open end of polyethylene tubing (i.d. = 500 µm, length = Lt) with a steel pin. An ultrasonic transducer was used to separate the plasma from the suspended blood. By turning on an ultrasonic transducer, the primary radiation force contributes to moving disaggregated RBCs to nodes or anti-nodes of pressure fields depending on sign of acoustic correction factor (i.e., ϕ > 0: node, ϕ < 0: anti-node). Next, secondary radiation force and Bernoulli force induce to aggregate RBCs continuously. When gravity force of aggregated RBCs is greater than buoyant force, RBCs sedimentation begins. Plasma is then separated from the suspended blood inside the transducer [22]. Based on a previous study [22], frequency (f) and acoustic power (AP) were set to f = 2.1 MHz and AP = 2 watt, respectively. Suspended blood (~5 mL) was loaded into the ultrasonic chamber. A micropump (MP6, Bartels Mikrotechnik, Emil-Figge, Germany) was used to supply blood from the transducer to the inlet (a) of the microfluidic device. The flow rate of the micropump was adjusted by setting two parameters (frequency: f, voltage: v) on a controller (Quadkey, Bartels Mikrotechnik, Emil-Figge, Germany). According to the viscosity measurement technique using the co-flowing method [13,22], the viscosity and flow rate of the reference fluid should be specified in advance. Here, 1 × PBS (Phosphate-Buffered Saline) was selected as the reference fluid, and the flow rate was set to 1 mL/h using a syringe pump (neMESYS, Cetoni GmbH, Korbußen, Germany). The microfluidic device was mounted on an inverted optical microscope (IX53, Olympus, Shinjuku, Tokyo, Japan) equipped with a 10× objective lens (N.A. = 0.25). To quantify the blood flow in the blood channel, microscopic images were captured using a high-speed camera (FASTCAM MINI, Photron, Tokyo, Japan). It was set to 5000 frames per second, and two microscopic images were sequentially captured, with an external trigger, at intervals of 1 s during all the experiments. Figure 1(A-ii) shows plasma separation within the ultrasonic transducer. Suspended blood was prepared by adding normal red blood cells (RBCs) to autologous plasma, and the Hct was set to 50%. As the ultrasonic standing wave contributed to accelerating RBC sedimentation in the transducer, the plasma volume (or height) increased significantly with time (i.e., t1 = t0, t2 = t0 + 10 min, t3 = t0 + 10 min, and t4 = t0 + 10 min).




2.2. Acquisition of Blood Velocity, Image Intensity, and Interface


As shown in Figure 1(A-iii), the blood velocity in the blood channel and interface in the co-flowing channel were obtained by digital image processing using MATLAB 2022a (Mathworks, Natick, MA, USA). First, a specific region of interest (ROI; 200 µm × 550 µm) was selected within the blood channel, and blood velocity fields were obtained using time-resolved micro-particle image velocimetry (micro-PIV) [30]. The interrogation window was set to 64 pixel × 64 pixel; one pixel corresponded to 3.3 µm. The window overlap was set to 75%. Based on the analytical formula suggested in a previous study [31], the depth of correlation (DOC) was estimated to be 64.1 µm. As the DOC was larger than the channel depth (h = 50 µm), it was assumed that the velocity fields remained unchanged along the channel depth. The blood velocity (Ub) was obtained by arithmetically averaging the velocity fields distributed over the ROI. The blood flow rate was then estimated as Qb = Ub × Ac, where Ac denotes the cross-sectional area of the rectangular channel (i.e., Ac = width × depth). Additionally, based on the same ROI in the blood channel, the image intensity of the blood flow was obtained as Ib. Finally, to obtain the interface in the co-flowing channel, a specific ROI (400 µm × 550 µm) was selected downstream from the junction area of the two streams. A grayscale image was converted into a binary image using the Otsu method [32]. The blood-filled width (wb) was obtained by averaging variations in the blood-filled width within the ROI. The interface (αb) was then obtained as αb = wb/w.




2.3. Operational Protocol of the Present Method


To measure the individual viscosities of suspended blood and plasma, Figure 1(B-i) represents temporal variations of the three parameters (i.e., Ub, Ib, and αb) obtained through the overall operational protocols suggested in the present study. Ub and αb were used to obtain the viscosity values of each fluid; Ib was used to detect the specific time when the suspended blood or plasma flowed in the blood channel or co-flowing channel. Suspended blood (Hct = 50%) was prepared by adding normal RBCs to plasma. First, to measure its viscosity, the suspended blood was supplied continuously into the microfluidic device with a micropump (i.e., t < 180 s). Here, the frequency and voltage were set to f = 300 Hz and v = 140 au, respectively. The micropump was then turned off, and the ultrasonic transducer was turned on to separate plasma from the blood (180 s < t < 1680 s). Finally, the transducer was turned off. The plasma was supplied to the microfluidic device by turning on the micropump. Figure 1(B-ii) shows snapshots of the ultrasonic chamber and microscopic images with respect to time (t) (t = 0, 180, 1620, and 2040 s). Before t = 180 s, suspended blood was supplied and loaded into the microfluidic device. The co-flowing channel was partially filled with blood and 1 × PBS, and the blood volume decreased in the ultrasonic transducer. Plasma separation continued at a specific time, ranging from t = 180 s to t = 1680 s. After the micropump was turned off, all the channels were filled with the reference fluid. At t = 2040 s, the plasma was loaded into the co-flowing channel. Based on the suggested operation protocol of the micropump and ultrasonic transducer, the three parameters were obtained, and further used to sequentially acquire the two viscosity values of the blood and plasma.




2.4. Preparation of Suspended Blood


Concentrated RBC Bags (~320 mL) were purchased from Gwangju–Chonnam Blood Bank (Gwangju, Republic of Korea). After the concentrated RBCs were sufficiently washed with 1 × PBS, several types of suspended blood samples were prepared by adding normal RBCs to autologous plasma.





3. Results and Discussion


3.1. Quantication of the Correction Factor of Co-Flowing Method for Accurate Viscosity Measurement


In this study, the co-flowing method was used to sequentially measure the viscosities of both the blood and plasma. According to the previous method, the fluid viscosity can be obtained by detecting the interface in the co-flowing channel. However, the performance of the co-flowing method varies depending on the interfacial location [14]. A correction factor was suggested to minimize the measurement error. A previous study reported that the correction factor depends on the depth/width and interface [28]; that is, when a microfluidic channel is newly designed, a correction factor should be obtained via experiment or numerical simulation. Figure 2(A-i) shows the mathematical representation of the co-flowing channel in terms of two fluidic resistance elements. As the co-flowing channel was filled with blood (i.e., subscript ‘t’) and reference fluid (i.e., subscript ‘r’), frictional loss of each fluid was represented with fluidic resistance elements (i.e., Rt, Rr). At the outlet (‘  ∇ ’  ), the pressure was set to zero (i.e., P = 0). Qt and Qr denote the flow rates of the blood and reference fluid, respectively. For a simple mathematical representation, the two fluid streams are represented as Rt and Rr. Both the fluidic resistance elements were connected in parallel. Based on the Poiseuille flow equation (i.e., ΔP = R × Q), the pressure of each fluid stream can be expressed as


   P r  =   12    μ r  L     1 −  α t    w  h 3    ×  Q r   



(1)






   P t  =   12    μ t  L   C F    α t  w  h 3    ×  Q t   



(2)







In Equation (2), the correction factor (CF), which depends on the interface (i.e., CF = CF [αt]), was added to compensate for the mathematical modeling error resulting from the approximation of a real physical problem [28]. As the two fluid streams were confined in straight and rectangular channels, both the streams had the same pressure at a distance (L) from the outlet.



Based on the same pressure condition (i.e., Pt = Pr), the viscosity of the test fluid was expressed as


   μ t  =  μ r  ×      Q r     Q t      ×      α t    1 −  α t      × C F      α t     



(3)







Here, the test fluid and reference fluid were selected as the plasma and 1 × PBS, respectively. To simulate variations in αt by means of a CFD Solver (CFD-ACE+, ESI Group, Paris, France), the viscosity ratio of the two fluids was given as µt/µr = 1.674. As shown in Figure 2(B-i), microscopic images representing αt were summarized with respect to Qr/Qt = 1/0.2, 1/0.5, 1/1, 0.5/1, and 0.2/1. Additionally, based on the numerical simulation results, as shown in Figure 2(B-ii), the variations in αt were clearly visualized with a binary color representation with respect to Qt/Qr. Consequently, αt showed a tendency to increase at higher value of Qt/Qr. Both the methods provide consistent variations in αt with respect to Qr/Qt. To obtain the variations in CF with respect to αt, the analytical formula of the correction factor was derived as


  C F      α t    =      μ t     μ r      ×     1 −  α t     α t      ×      Q t     Q r       



(4)







Based on Equation (4), as shown in Figure 2C, variations in the correction factor were obtained as a function of the interface. The CF obtained from the numerical simulation was higher than that obtained from the experimental results. In this study, according to the linear regression analysis of the experimental results, the CF was best fitted as CF = 0.7004 αt + 0.6216 (R2 = 0.9469). Therefore, by inserting the regression formula of CF into Equation (3), the viscosities of the blood and plasma were obtained with sufficient accuracy.




3.2. Quantitative Evalution of Blood Flow and Blood Flow Stabilization


A micropump delivered suspended blood using piezoelectric membrane vibration resulting in the periodic fluctuations in the blood flow [33]. However, to measure the shearing viscosity of the blood or plasma, it was essential to maintain a constant flow rate (or velocity) during the experiment. Therefore, the frequency of micropump was adjusted to reduce the fluctuations in blood flow. Additionally, the effect of the air damper on the stabilization of blood flow was evaluated by changing the length (or cavity) of the air damper. Suspended blood (Hct = 50%) was prepared by adding normal RBCs to autologous plasma.



To quantify the blood flow delivered by the micropump, the velocity (Ub) and interface (αb) were monitored without the addition of an air damper. Figure 3A shows microscopic images of variations in the interface with respect to the operational frequency (f) ([i] f = 100 Hz, [ii] f = 300 Hz, [iii] f = 400 Hz, and [iv] f = 800 Hz). The excitation voltage of the micropump was fixed at v = 140 au, where au denotes an arbitrary unit. αb showed a tendency to decrease at higher values of the operational frequency. Based on the microscopic images captured over time, temporal variations in Ub and Ib were obtained with respect to the operational frequency. Figure 3(B-i) shows the temporal variations in Ub with respect to f. At f = 100 Hz, Ub exhibited large alternating blood flow. However, when the frequency was shifted to 300 Hz, the fluctuations decreased substantially. From the results, it was inferred that the resonance frequency of the micropump was close to 100 Hz. To reduce fluctuations in the blood velocity, the operational frequency must be set above 100 Hz. Figure 3(B-ii) shows the variations in Ub and coefficient of variance (COV) (COV = standard deviation/mean) with respect to f. Ub showed a tendency to gradually decrease with respect to operation frequency. Additionally, the COV had a minimum value at f = 300 or 400 Hz. Figure 3(B-iii) shows the temporal variations in αb with respect to f; the value of αb gradually decreased at higher frequencies. The fluctuation in αb is very small with respect to f, which implies that it remained constant with respect to the operational frequency. Figure 3B-iv shows the variations in αb and COV with respect to the operational frequency; αb decreased linearly with respect to f, and the COV was less than 1%. From the results, it can be concluded that the blood velocity (Ub) was significantly influenced by the operational frequency when compared with the interface (αb). Based on the experimental results, the operational requirement was set to f = 300 Hz during the subsequent experiments.



To reduce periodic fluctuations in the blood flow, an air damper was connected to inlet (a). To substantially increase the air compliance effect, the air cavity inside the air damper was adjusted by increasing the length of the polyethylene tubing (Lt). Figure 3(C-i) shows a schematic of the air damper connected to the inlet (a) of the microfluidic device. The flow rate of the reference fluid (1 × PBS) was set to 1 mL/h using a syringe pump. The control parameters of the micropump were set to f = 300 Hz and v = 140 au. Figure 3(C-ii) shows the temporal variations in Ub with respect to Lt = 0, 20, 40, and 60 mm. The air damper contributed to the decrease in periodic fluctuations of Ub. Figure 3(C-iii) shows the variations in CV with respect to Lt; CV decreased significantly from 3% to 1% with the addition of the air damper. From the results, the length of the air damper was set as Lt = 40 mm during the subsequent experiments.




3.3. Simultaneous Viscosity Measurement of suspended Blood and Plasma with Respect to Hematocrit


To date, the contributions of vital factors have been quantitatively evaluated in terms of blood velocity or interface. As a demonstration, the proposed method was applied to measure the viscosities of suspended blood and plasma. Suspended blood (Hct = 20, 30, and 40%) was prepared by adding normal RBCs to the same autologous plasma. This was intended to detect the contribution of Hct in blood viscosity as the suspended blood was prepared using the same diluent.



Based on the operational protocol suggested in the present study, as shown in Figure 4A, temporal variations in αb, Ib, and Ub were obtained with respect to Hct ([i] Hct = 20%, [ii] Hct = 30%, and [iii] Hct = 40%). Considering the suspended blood, Ub tended to decrease at higher Hct values. The Hct contributed to the increase in αb and Ib. The time elapsed for separating plasma from the suspended blood increased at higher Hct values. When the micropump was turned on, αb immediately reached a steady state. However, Ub took a considerable amount of time to arrive at a steady value. It was inferred that the air damper contributed to the increase in the time delay of Ub rather than that of αb.



Based on the temporal variations of αb and Ub, the individual viscosities of the suspended blood and plasma were obtained using Equation (3). As shown in Figure 4B, temporal variations in µb were observed with respect to Hct. Owing to the dynamic delay resulting from the air damper, µb of suspended blood reached a steady value after approximately 120 s. Blood viscosity tended to increase at higher values of Hct. The µb of the plasma reached a steady value within 60 s. According to a previous study, the time constant (i.e., time delay) is influenced by fluidic resistance and compliance (i.e., time constant = fluidic resistance × compliance) [30,34]. The time delay of suspended blood was longer than that of plasma because the viscosity of blood was higher than that of plasma. There was no significant difference in the viscosities of the plasma separated from each suspended blood sample. Figure 4C shows a quantitative comparison between the proposed method (i.e., blood delivery with a micropump) and previous method (i.e., blood delivery with a syringe pump). In the present method, the individual viscosities of suspended blood and plasma were obtained as the mean ± standard deviation after the viscosity reached a steady value. However, in the previous method, to measure viscosity of suspended blood, the suspended blood was loaded into disposable syringe and installed in the syringe pump; the blood flow rate was set at 1 mL/h. As the shear rate of the blood flow was estimated to be greater than 1000 s−1, it was assumed that the blood behaved as a Newtonian fluid. Next, to measure the viscosity of the plasma, it was collected from the ultrasonic transducer, as shown in Figure 1(A-ii). The plasma was loaded into a disposable syringe. After the syringe was installed in the syringe pump, the flow rate of the plasma was set to 1 mL/h. In contrast with the previous method, the present method did not require the loading of blood into a disposable syringe, and the syringe pump was replaced with a micropump. Figure 4(C-i) shows the steady viscosity values of blood and plasma obtained by the present method with respect to Hct. In addition, Figure 4(C-ii) shows the viscosity values of the blood and plasma obtained by the previous method with respect to Hct. As expected, the blood viscosity tended to increase linearly with respect to Hct (R2 = 0.98); the plasma viscosity remained constant (R2 = 0.17–0.46). The present method overestimated the viscosity values of both the fluids by approximately 14–25% (for suspended blood) and 7–21% (for plasma) when compared with the previous method. The two methods only had differences in blood delivery (i.e., previous method: syringe pump, and present method: micro pump). According to a previous study [35], blood velocity is substantially influenced by Hct. Therefore, it is inferred that the blood flow rate was underestimated by the micro-PIV technique. Additionally, with respect to the suspended blood, the delivery time must be increased to guarantee a steady range of Ub.



From the experimental results, it was concluded that the present method has the ability to sequentially measure the viscosities of suspended blood and plasma. This method simplifies blood handling procedures (i.e., blood collection and loading), and the syringe pump is replaced with a micropump.





4. Conclusions


In this study, the viscosity values of the suspended blood and plasma were sequentially measured using an ultrasonic transducer and a co-flowing method in a microfluidic device. As a suggested protocol, first, the suspended blood was supplied to the microfluidic device, and blood viscosity was measured using the co-flowing technique. Second, the plasma was separated from the suspended blood using an ultrasonic transducer. Third, the plasma viscosity was obtained by supplying plasma to the microfluidic device. To improve the measurement accuracy of the co-flowing method, the correction factor was calculated by conducting experiments and numerical simulations. Based on the quantitative studies of vital parameters, the control parameters (i.e., frequency and voltage) of the micropump were set to f = 300 Hz and v = 140 au, respectively. Additionally, by adopting an air damper (i.d. = 500 µm, length = 40 mm), the COV of the blood velocity was improved to 1%. As a demonstration, suspended blood (Hct = 20%, 30%, and 40%) was prepared by adding normal RBCs to the same autologous plasma. According to the experimental results, blood viscosity tended to increase linearly within the hematocrit. The plasma viscosity remained constant because the suspended blood was prepared using the same diluent. Compared with the previous method (i.e., blood delivery), the present method (i.e., blood delivery with a micro pump) overestimated the viscosity values of both the fluids by approximately 14–25% (for suspended blood) and 7–21% (for plasma). Based on the analytical model, it was inferred that the underestimation of the blood velocity caused a difference in viscosity. In the future studies, it will be necessary to improve the quantification of blood velocity using the micro-PIV technique. Furthermore, the operation protocol of the micropump will be optimized to guarantee sufficient blood flow.
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Figure 1. Proposed method for separating plasma and sequentially measuring individual viscosities of blood and plasma. (A) Experimental setup, plasma separation, and quantification of blood. (i) Schematic of the experimental setup, including, a microfluidic device, an ultrasonic transducer, two pumps (i.e., micro pump and syringe pump), and an image acquisition system. (ii) Plasma separation from the suspended blood with an elapse of time (i.e., t1 = t0, t2 = t0 + 10 min, t3 = t0 + 10 min, and t4 = t0 + 10 min). (iii) Quantification of blood velocity (Ub) and interface (αb). (B) Quantification of three parameters (i.e., interface, image intensity, and blood velocity) for suspended blood (i.e., normal RBCs suspended in plasma, and Hct = 50%). (i) Temporal variations of αb, Ib, and Ub. First, the suspended blood was supplied for 3 min. Next, plasma was separated from the blood for 25 min; plasma was then supplied for 6 min. (ii) Snapshots of the ultrasonic chamber and microscopic images with respect to time (t) (t = 0, 180, 1620, and 2040 s). 
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Figure 2. Derivation of blood viscosity formula in terms of fluidic circuit elements. (A) Mathematical representation of co-flowing channel. (B) Quantitative comparison between the experimental and numerical simulation results. (i) Experimental results showing variations of interface with respect to flow-rate ratio (Qt/Qr) (Qt/Qr = 1/0.2, 1/0.5, 1/1, 0.5/1, and 0.2/1). (ii) Numerical simulation results showing variations of interface with respect to Qt/Qr. (C) Variations of CF obtained by experimental and numerical simulation results with respect to the interface. Based on linear regression analysis of the experimental results, the CF was best fitted as CF = 0.7004 αt + 0.6216 (R2 = 0.9469). 
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Figure 3. Quantitative evaluation of blood flow delivered by micro pump and blood flow stabilization with air damper. (A) Microscopic images showing variations of interface with respect to operational frequency (f) ([i] f = 100 Hz, [ii] f = 300 Hz, [iii] f = 400 Hz, and [iv] f = 800 Hz). (B) Contributions of operational frequency to blood velocity and interface. (i) Temporal variations of Ub with respect to f. (ii) Variations of Ub and COV with respect to f. (iii) Temporal variations of αb with respect to f. (iv) Variations of αb and COV with respect to f. (C) Contribution of air damper to blood flow stabilization. (i) Schematic diagram showing air damper connected to a microfluidic device. (ii) Temporal variations of Ub with respect to Lt = 0, 20, 40, and 60 mm. (iii) Variations of CV with respect to Lt. 
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Figure 4. Sequential viscosity measurement of suspended blood and plasma with respect to Hct. (A) Temporal variations of αb, Ib, and Ub with respect to Hct = 20%, 30%, and 40%. (B) Temporal variations of µb with respect to Hct. (C) Quantitative comparison between the present method (i.e., blood delivery with micro pump) and previous method (i.e., blood delivery with syringe pump). (i) Steady viscosity value of blood and plasma obtained using the present method with respect to Hct. (ii) Viscosity value of blood and plasma obtained by previous method with respect to Hct. 
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