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non-newtonian droplet-based 
microfluidics logic gates
elmira Asghari, Ali Moosavi✉ & Siamak Kazemzadeh Hannani

Droplet-based microfluidic logic gates have many applications in diagnostic assays and biosciences due 
to their automation and the ability to be cascaded. In spite of many bio-fluids, such as blood exhibit 
non-Newtonian characteristics, all the previous studies have been concerned with the Newtonian fluids. 
Moreover, none of the previous studies has investigated the operating regions of the logic gates. In 
this research, we consider a typical AND/OR logic gate with a power-law fluid. We study the effects of 
important parameters such as the power-law index, the droplet length, the capillary number, and the 
geometrical parameters of the microfluidic system on the operating regions of the system. The results 
indicate that AND/OR states mechanism function in opposite directions. By increasing the droplet 
length, the capillary number and the power-law index, the operating region of AND state increases 
while the operating region of OR state reduces. Increasing the channel width will decrease the operating 
region of AND state while it increases the operating region of OR state. For proper operation of the logic 
gate, it should work in both AND/OR states appropriately. By combining the operating regions of these 
two states, the overall operating region of the logic gate is achieved.

Microfluidics lab-on-chip devices have many applications in diagnostic assays, analytical chemistry, and bio-
sciences. Using droplet-based microfluidic devices may offer various benefits1. One of the advantages is encapsu-
lating the important fluids as a droplet in order to prevent them from chemical reactions and pollutions. Another 
advantage of these systems is a better mixing of the reactant inside the droplet and increasing the reaction speed2. 
In this manner the sample volume decreases significantly, the cost of operation is reduced drastically, and diag-
nostic results are obtained in a much shorter time, higher precision, sensitivity, and portability3.

For the droplet-based microfluidic devices, one needs to consider various components such as the valves and 
the mixers to perform certain functions. Electric, magnetic and thermocapillary forces are some types of forces 
that are used to control and manipulate fluid in microfluidic circuits4–6. Thus, these circuits may contain many 
components that will make their construction complicated. Furthermore, some external equipment such as the 
permanent magnet or wire coils should be considered7–11. Additional components limit the portability, scalability 
and parallel operations. The solution is automation. In electronics, complex operations are obtained using logic 
gates. Logic gates have many applications like sound and molecular computing12,13. By analogy to logic gates (in 
which the pressure can be analogous to the voltage, the flow rate to the electric current and the hydrodynamic 
resistance to the electrical resistance) one can derive their functionalities for the microfluidics14,15.

Fabricating fluidics devices that are similar to logic circuits, began in the 1960s16,17. These devices were 
dependent on flow inertial properties and on the high Reynolds numbers that were their main drawback; because 
it was not possible to shrink them in size. In miniaturized devices, the inertial force is negligible compared to the 
interfacial and viscous forces; thus, another source of nonlinearity is needed for the logic operation. As mentioned 
above, the reason is the concept of the microfluidic logic gate stems from digital logic gate and a logic circuit does 
not follow a straight line. This means that we want things to switch unambiguously to either ‘0’ or ‘1’, but never 
‘0.5’ or other values18. In summary, the logic circuit in electronics are nonlinear so in microfluidics, it should be 
also nonlinear.

Viscoelastic polymer solutions as a working fluid were used for fluidic control, however, their operations 
depend on the non-Newtonian fluid properties19,20. Vestad et al. proposed a number of logic gates by controlling 
the relative flow resistance21. Since the input/output representation of these gates is not the same, these gates have 
not the capability of being cascaded. Cheow et al. and Prakash and Gershenfeld introduced bubble/droplet logic 
for the first time to overcome the previous problems22,23.

In the bubble/droplet logic using two-phase flows, the presence or absence of a bubble/droplet in the con-
tinuous phase represents one or zero, respectively. The bubble/droplet logic is based on bubble-to-bubble 
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hydrodynamic interactions. Since the droplets have resistance, their presence in the microchannel affects the 
overall flow24–27. For example, the trajectory of the droplets entering a junction depends on the history of deci-
sions taken by the previous droplets that are still in the outlet branches28–33. Under certain conditions, the droplet 
sequence will have a stable and repeatable pattern34–37. Using interactions between droplets, one could build 
interactive elements such as logic gates19,20,38, signal encoder/decoders35–37,39,40, sorters41–44, and storage units45,46.

Anandan et al. studied the previous droplet-based microfluidic logic gates numerically using the phase-field 
method47.

So far, all the bubble/droplet-based logic gates have used Newtonian fluids. No work has been done to real-
ize how a non-Newtonian fluid flow can affect the droplet-based logic gates and in which flow characteris-
tics the gates will operate. Since many important and practical fluids such as blood and polymer solutions are 
non-Newtonian, it is inevitable to study these fluids in logic microfluidics48.

To summarize, as explained, the lab-on-a-chip devices have many applications in diagnostic assays, analyt-
ical chemistry, and biosciences. These applications involve many parallel and serial operations. In electronics, 
complex operations are handled using logic gates. Analogously, in microfluidics, several logic gates have been 
proposed for this purpose and various experimental and theoretical studies have been conducted in this area. 
However, all these studies are limited to Newtonian fluids, while many practical fluids such as blood and polymer 
solutions are non-Newtonian. So it is inevitable to study these fluids in the logic microfluidics48. further, for any 
logic gates, there is no report to check whether a logic gate can operate properly or not in any specific conditions.

In the logic gates, many processes such as the droplet breakup, deformation or generation of droplets occur. 
Thus, the relation between the shear stress and the rate of the shear strain in these systems plays a critical role in 
such processes. In this manner, we expect that a logic gate with a non-Newtonian fluid operates different from 
that with a Newtonian Fluid. We will show that the logic gates that are designed for Newtonian fluids may not 
work with non-Newtonian fluids.

In the present study, we consider a logic gate with a power-law non-Newtonian fluid and investigate how the 
flow and fluid characteristics will change the logic operation. The considered system should not be very simple; 
because the discussion may not have the required depth and quality. And we may miss some of the necessary 
details. On the other hand, if it is too complicated, the main goals of the research may be affected. Therefore, a 
typical bubble/droplet-based is considered.

Figure 1. (a) The geometry of the microchannel used by Afkhami et al.56 for studying the breakup of droplets. 
(b) The obtained phase diagram that separates the breakup and non-break up regions. The obtained data points 
are exactly the same as those achieved by Afkhami et al.56.
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Results and Discussion
The governing equations and the method. Various methods have been developed and are available 
for modeling two-phase flows and tracking the interface between two phases49,50. The level set method has been 
extensively used for this purpose. However, the major drawback of this method is that it is not conservative. 
Olsson et al. have developed a conservative level set method to overcome this deficiency51,52. Furthermore, the 
level set method has some important advantages such as the flexibility to describe complex interface geometries, 
easy implementation and capturing the interface of breakup and merging automatically. In addition, the phase 
field method needs a large number of grids near the interface because of its rapid change in phase field function53. 
In this study, we prefer to use the level set method due to its advantages.

Figure 2. (a) The schematic geometry of the system considered for the droplet formation. (b) The droplet 
length as a function of the main channel volume flow rate Q( )c  for two volume flow rate ratios =V Q Q( / )r d c . The 
results are in close agreement with the experimental results of Chiarello et al. work57.

Figure 3. A schematic representation of the considered logic gate in the study and its geometric parameters.

Stable g Size (µm)

W1 50

W2 50

W3 70

W4 50–80

W5 40

L 500

Table 1. The size of the geometrical parameters used in the logic gate.
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In this method, φ is the level set function and changes smoothly across the interface from 0 to 1 and the inter-
face is defined where φ is 0.5. The conservative level set equation is as below:
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where →u  represents the fluid velocity field, γ is reinitialization parameter and ε denotes the interfacial thickness.
In order to simulate the immiscible two-phase flow, Eq. (1) should be coupled with the Navier-Stokes and the 

continuity equations:
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where ρ is density, p represents the pressure, μ denotes the viscosity and Fst
��

 stands for the surface tension force. 
The surface tension has been introduced as a body force in the momentum equation and can be calculated from 
the following equation:

�� ��σ δ=F kn (4)st sm

where K  is the local curvature of the interface, →n  represents the surface unit normal vector and δsm denotes the 
Dirac delta function and can be defined as:
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Since the droplet is a non-Newtonian power-law fluid, its viscosity is defined as below:
The shear stress tensor (τ) and the rate of deformation tensors (γ


) are related by

τ γη= −
 (8)

Figure 4. The droplet velocity (u) in the logic gate versus the microchannel axis for different number of grids. 
Xc is the distance between the center of mass of the droplet and the exit junction.

Fluid ρ(kg/m3) μ(mPa.s) K  (mPa.sn) n σ(N/m)

Continuous phase 960 49.1 — —
0.02

Dispersed phase 1000 — 32.6 0.7–1.3

Table 2. The fluid properties used in the study.
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The components of γ


 are calculated from †


v v( ( ) )γ = ∇ + ∇ . The effective viscosity is calculated from the 
magnitude of the rate of deformation tensor γ



γ γγ = .
 

0 5( : ) (9)

where the symbol “:” represents the tensor double dot product operator. The effective viscosity can be obtained by

μ γ= −


K (10)n 1

where n represents the power-law index and K  denotes the consistency index54. In the level set method, the vis-
cosity and the density of the fluid in the entire domain are calculated from:

μ μ μ μ= + − ∅( ) (11)1 2 1

Figure 5. The droplet length effect on AND state for w4/w1 = 1.2 and different power-law indexes. (a) n = 0.7, 
(b) n = 0.85, (c) n = 1, (d) n = 1.15, (e) n = 1.3. (f) A comparison between the operating and non-operating 
regions for different power-law indexes.
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ρ ρ ρ ρ= + − ∅( ) (12)1 2 1

where the subscripts 1 and 2 refer to the continuous (fluid 1) and the dispersed (fluid 2) phases, respectively.
All of the above-mentioned equations were solved with the appropriate corresponding boundary conditions 

in a two-dimensional domain. The equations were discretized using Finite Element Method (FEM) and a Parallel 
Sparse Direct Solver (PARDISO) was used for solving the linear systems of equations55. One important issue is 
that at the start of the simulations the distance between the droplet from the T-junction should be large enough to 
allow the T-Junction area to reach undisturbed conditions of the velocity and the pressure.

Verification. For verification of the present study, two different droplet-based microfluidic systems with the 
Newtonian as well as the non-Newtonian fluid were considered. Since the droplet break up and the droplet gen-
eration play important roles in the logic gates it is essential to show that the applied method is able to model such 
processed correctly and precisely. The details are explained in the followings:

Newtonian. As will be explained later in section 5.1 the droplet breakup process has been used in the considered 
logic gate. Therefore, to verify the model, the problem of droplet breakup in a symmetric microfluidic T-junction 
was considered. Afkhami et al. have reported a phase diagram that specifies the breakup and non-breakup regions 
for a droplet in the symmetric T-junction56. The viscosity ratio of the droplet to the carrier fluid is 0.1 and the 

Figure 6. Velocity, pressure and vorticity distributions for a droplet in the entrance of the exit junction in AND 
state for w4/w1 = 1.2, l/w1 = 2.4 and Ca = 0.01. The left parts are for n = 0.85 in which the droplet does not break 
up (point E of Fig. 5) and the right parts are for n = 1 in which the droplet breaks up (point F of Fig. 5). (a,b) 
The velocity distribution (m/s). (c,d) The pressure distribution (Pa). (e,f) The pressure drop across the interface. 
(g,h) The vorticity distribution (1/s).
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diagram is obtained for various droplet lengths and the capillary numbers Ca = μu/σ with µ and u as the contin-
uous phase viscosity and velocity, respectively. As depicted in Fig. 1(a) a droplet with the length of l0 is moving in 
a microchannel with width w and passes through a symmetric T-junction. Whether the droplet breaks up or not 
depends on the capillary number (Ca) and its dimensionless length (l0/w).

Figure 1(b) shows that our model is in an excellent agreement with the results of Afkhami et al.56. In fact, all 
the data points obtained by our model are the same as their results. The solid line l0/w ≈ . − .Ca0 98( ) 0 21 is the result 
of a theoretical analysis using the thin film approximation.

Non-newtonian. For further verification of our study, we apply our model to a non-Newtonian system that is 
extensively used for the droplet generation. Chiarello et al. have studied the effect of flow rate on the droplet 
length experimentally57. The droplet is soybean oil in a shear thinning Xanthan solution. The carrier fluid is a 
non-Newtonian power-law fluid with = .K 32 6 mPa sn, = .n 0 589 and. mN/m and the dispersed fluid has a vis-
cosity of 49.1 mPa s The microchannel length is 2500 µm and the simulation was conducted with 3000 grids. 
Figure 2(a) shows the schematic geometry of the considered system. In order to verify the model, the droplet 
formation in the system and the length of the generated droplet was investigated. Figure 2(b) displays the length 
of the droplet as a function of the main channel flow rate (Qc) for different flow rate ratios (Qd/Qc). As it is evident, 
there is a slight difference between the experimental data and our numerical results. The average and the maxi-
mum relative errors are 3.81% and 7.08%, respectively.

The system under study. A modified version of the system proposed by Prakash and Gershenfeld is used 
to study the effects of non-Newtonian fluid on the logic gate operation22. Biral et al. have also used this geometry 
in their investigation58. Figure 3 shows the geometry of the present logic gate. The channels A and B are the inlet 
channels; the channel A + B is a channel with a larger width and less hydrodynamic resistance (R4) and the chan-
nel A.B is a channel with less width and larger hydrodynamic resistance (R5). Therefore, a droplet coming from A 
or B will choose the A + B branch due to its higher flow rate and less hydrodynamic resistance. Thus, we call this 
state “OR” state. When two droplets are present in the channels A and B, they will choose both the A + B and A.B 
branches because when the tip of the droplet enters the A + B branch it blocks the channel and the hydrodynamic 
resistance of the branch increases; thus, the rear droplet switches to the A.B branch. This is called “AND” state. 
The geometrical specifications are presented in Table 1.

In summary, in order to operate AND state both the inlet channels should contain a droplet and in order to 
operate OR state at least one droplet should be present in one of the inlet channels.

In the simulation, the inlet boundary condition is constant velocity and the outlet boundary condition is 
constant pressure. For the walls, the no-slip boundary condition was considered. Since the dimensions of this 

Figure 7. Droplet behavior in AND state in non-breakup (point E of Fig. 5) and breakup (point F of Fig. 5) for 
w4/w1 = 1.2, l/w1 = 2.4 and Ca = 0.01, (a) evolution of velocity distribution for n = 0.85 (non-breakup) and n = 1 
(breakup), and (b) evolution of pressure distribution for n = 0.85 (non-breakup) and n = 1 (breakup).
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problem are micrometer size, and the slip length in liquid is in the order of nanometer, so we can use no-slip 
boundary condition59–61.

In order to determine the appropriate number of grids in the study, a grid independence examination was per-
formed. Various number of grids from 3500 to 56000 were considered and the breakup percentage and the droplet 
velocity (Fig. 4) of the right droplet in AND state were determined and compared. It was realized that the mesh 
with 24500 grids may be considered as the most efficient one due to its less error (0.55%) and the computational 
cost. Thus, this mesh was selected for the whole study.

Due to the mesh independency calculations, 24500 grids and a time step of −10 5 sec were considered for the 
simulations. We investigate how Newtonian and non-Newtonian fluid behavior may affect the logic gates opera-
tion. There are some important parameters such as the capillary number, non-Newtonian parameters (n and K for 
power-law fluids), the droplet length, and the geometry of microchannel. With the studies on the logic gate, it can 
be concluded that the following dimensionless parameters are affecting the logic gate operation: w w/4 1 (dimen-
sionless channel A + B width), l w/ 1 (dimensionless droplet length), Ca = μu/σ (the capillary number, where µ and 
u represent the continuous phase viscosity and velocity, respectively), and n (power-law index). One of the advan-
tages of using dimensionless number is studying the system thoroughly only by changing the parameters that are 
more appropriate. In the following sections, the effect of each parameter will be investigated.

A non-Newtonian power-law fluid as the dispersed phase and a Newtonian fluid as the continuous phase were 
considered. The fluids properties are presented in Table 2. The capillary number was changed from 10−4 to 0.5.

The effects of the power-law index and the bubble/droplet length. The droplet length plays an 
important role in the logic gate operation. A given logic gate may have a proper function in a specified droplet 
length and an improper function in another droplet length22. Thus, investigating the effect of droplet length is 
an important step in the logic gate design. Figure 5 illustrates the effect of non-dimensional droplet length on 
AND state of the logic gate in terms of the capillary number for different power-law indexes (n) from 0.7 to 1.3. 
The figure indicates that by increasing the droplet length, the operating region for AND state increases and the 
droplets with shorter lengths lead to improper operation of AND state. From “the operating region” we mean 
the conditions that by considering them the system will be in a certain hydrodynamic state in terms of pressure, 
velocity and vorticity and in this state the droplets may choose one of the outlet branches or may breakup and 
goes to both the outlet branches. This specifies wheather the AND/OR state works or not.

In AND state, there is one droplet in each inlet channel (A and B). The droplets entered into the system coales-
cence in the middle channel (w3) and form a new droplet. If the droplet breaks up the generated droplets appear 
in both the exit branches (A + B, A.B); thus, AND state occurs.

Figure 5(f) demonstrates the power-law index influence. As is obvious the operating region increases by 
increasing n from 0.7 to 1.3. By increasing n, the viscosity increases and this causes the velocity gradient to be 
smaller in the droplet. This reduces vortex production and lowers the resistance to deformation and, therefore, 
the droplet breaks up easily62. The velocity, the pressure, and the vorticity of the droplet in the entrance of the exit 
junction for two different n are shown in Fig. 6. The geometry, the droplet length, and the capillary number are 
the same (w4/w1 = 1.2, l/w1 = 2.4, and Ca = 0.01). AND state in n = 1 (point F of Fig. 5) operates but in n = 0.85 
(point E of Fig. 5) does not work. In n = 1 the viscosity is higher and as Fig. 6 illustrates it produces less velocity 
gradient and vorticity and, thus, the droplet deformation increases. On the other hand, pressure difference across 
the droplet interface in n = 1 (point F of Fig. 5) and n = 0.85 (point E of Fig. 5) is 149 and 113 Pa, respectively. 
Therefore, in n = 1 the droplet breakup becomes easier and this facilitates AND state of the logic gate. As can be 
seen in Fig. 6 the flow field and the pressure change drastically in the droplet breakup region. These will affect the 
junction area even a while after the breakup. In OR state, the droplet initially is driven to the outlet with less resist-
ance. However, the next droplet may move to the other outlet if the distance between the droplets is not enough. 
Therefore, the distance between the droplets in the microfluidic systems should be large enough such that the 
junction area and the outlet channels can recover itself and achieve the same conditions as those experienced by 
the previous droplet.

Figure 7 shows the snapshots of droplet breakup process as a function of time before and after breakup. The 
time evolution of the velocity and pressure field for AND state is shown for the non-breakup (point E in Fig. 5) and 
breakup (point F in Fig. 5). At time t = 132.5 ms the merged droplet in the middle channel completely enters the 
outlet channels. When the droplet with n = 0.85 (point E) enters the bifurcation completely, the pressure behind the 
droplet tends to squeeze the droplet. However, the pressure and shear force are small compared to the interfacial ten-
sion; thus, the deformation rate is not adequate for breaking the droplet. At t = 139.5 ms, most of the continuous fluid 
flows between the right corner of the bifurcation and the droplet. With the passage of time the flow rate increases 
and this pushes the droplet to pass through the left branch without breakup.

For the droplet with n = 1 (point F) the continuous phase fluid squeezes the middle part of droplet and the 
neck thickness decreases with time. Then, the droplet breaks up into two droplets. It shows that at t = 140 ms the 
droplet starts to breakup.

As Fig. 8 shows a longer droplet breaks up in the exit junction and, thus, leads to the true AND state. By dis-
playing velocity, pressure and vorticity distributions (points A and D in Fig. 5) the figure explains why the longer 
droplets assist AND state. The velocity inside the longer droplet (point A) becomes more uniform and the velocity 
gradient decreases. This limits the vortex creation and leads to weaker vorticities. In addition, the pressure drop 
across the droplet interface in l/w1 = 2.4 (point A) and l/w1 = 1.8 (point D) is 315 and 50 Pa, respectively. All these 
factors decrease the droplet deformation resistance and the droplet may break up more easily. The snapshots of 
droplet behavior before and after breakup have been reported in the supplementary information. As is evident 
in Figs. 6 and 8 the pressure drop in the breakup region of the system is very large and it can be stated that most 
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of the pressure drop occurs in this region. A larger pressure gradient means a smaller time for the breakup. Thus, 
increasing the capillary number reduces the breakup time.

The effect of Ca in working of AND state of the logic gate has been illustrated in Fig. 9. As can be seen, the 
gate with a larger Ca results in the breakup of the droplet (point C of Fig. 5). The relation between Ca number 
and the breakup has been discussed in many studies63. Here, we analyze it by using the pressure distribution 
along the droplet length. As Fig. 9 shows the pressure differences between the front and the rear of the droplet in 
Ca = 0.01 (point B of Fig. 5) and Ca = 0.015 (point C of Fig. 5) is 65 Pa and 200 pa, respectively. Thus, the droplet 
in Ca = 0.015 has a better tendency to break up because of the greater pressure differences. Also, the pressure 
differences between the front and the center of the droplet and the rear and the center of the droplet are equal to 
32 Pa and 97 Pa for Ca = 0.01 (point B of Fig. 5) and 19 Pa and 219 Pa for Ca = 0.015 (point C of Fig. 5), respec-
tively. The pressure differences in Ca = 0.015 is larger and the droplet breakup occurs; AND state is working.

In the previous sections, we studied the effects of droplet length and the power-law index on AND state of the 
logic gate. In the following section, we will investigate these two parameters on OR state of the logic gate.

As is indicated in Fig. 10, unlike AND state increasing the droplet length, will decrease the operating domain 
of OR state. This is due to the fact that AND/OR states have two different mechanisms. In AND state two differ-
ent droplets enter the system from the inlet channels and then they merge in the middle channel and produce 
a larger droplet. In order to have an AND state the produced droplet should be broken up into two parts in the 
exit branch. However, in OR state, there is only one droplet in channel A or B, and it is expected that this droplet 
passes through the outlet channel with less resistance (A + B). Thus, the determinative event occurs in the exit 

Figure 8. The velocity and the pressure distributions inside a droplet in the entrance of the exit junction in 
AND state for w4/w1 = 1.2, n = 0.7 and Ca = 0.015. The left parts are for l/w1 = 1.8 in which the droplet does 
not break up (point D of Fig. 5) and the right parts are for l/w1 = 2.4 in which the droplet breaks up (point A of 
Fig. 5). (a,b) The velocity distribution (m/s). (c,d) The pressure distribution (Pa). (e,f) The pressure drop across 
the interface (Pa). (g,h) The vorticity distribution (1/s).
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junction where the droplet may break up or not. If in AND state the droplet breaks up and in OR state it does not 
break up and passes through the channel with the lower resistance, the true function of the logic gate is achieved.

With the above explanations, it is obvious that the operating modes of AND/OR states are the opposite of each 
other. Therefore, by increasing the droplet length, the possibility of droplet breakup increases and the logic gate 
will no longer have a true function in OR state. In order to avoid prolonging this part, we neglect contours of OR 
state. The reason for breaking or non-breaking of a droplet is the same as discussed previously. The velocity and 
pressure contours before and after breakup are available in the supplementary information. Figure 10(f) compares 
the power-law indexes effect on the operating region of OR state. It is shown that unlike AND state, in OR state 
by increasing the index from 0.7 to 1.3 the operating region decreases. The reason is due to the reverse function of 
AND/OR states as discussed above. When the power-law index increases, the viscosity increases. Increasing the 
viscosity results in the velocity gradient and the vorticity decrease. Thus, the deformation of the droplet increases 
and the droplet may break up. Consequently, OR state may not work. Thus, increasing the power-law index 
reduces the operating region of the gate in OR state.

When we design a logic gate we should keep in mind that this gate may sometimes operate in AND state and 
sometimes in OR state, depending on the specific application. Thus, it is inevitable to know the operating region 
of both states simultaneously.

Figure 11 shows the phase diagram in which both AND/OR states will operate. By increasing the power-law 
index, the operating region of the logic gate becomes narrower and will shift toward the lower capillary numbers. 
We saw that the phase dividing curve has a large slope in both AND/OR state. The operating region in which both 
AND/OR states work correctly is presented in Fig. 11 for different power-law indexes. Figure 11(f) explains the 
reason for decreasing the overall operating region of the logic gate. For four points specified in Fig. 11(a,e) (A, B, 
C and D) the pressure across the interface of the droplets, when they have completely entered the exit junction, is 
depicted in Fig. 11(f). Point A (n = 0.7) is in the non-operating region and point B (n = 1.3) is in the operating 
region. All the parameters except the power-law index are the same in these two points. l w/ 1, w w/4 1 and Ca are 2, 
1.2 and 0.01, respectively. The pressure drop across the interface of the droplet for A and B are 77 and 145 Pa, 
respectively. On the other hand, as we are in AND state the point B will break up and the gate will work correctly. 
Points C (n = 0.7) and D (n = 1.3) are also in the operating and non-operating regions, respectively. The pressure 
across the interface of the droplet in point C increases but, in contrast, it decreases in point D. Because of the 
pressure change in point D, the droplet breaks up and as we are in OR state the system does not work properly. 
However, in point C the droplet does not break up and chooses the branch A + B and the gate works properly. The 
results indicate a rapid change for the boundary of the regions. Table 3 specifies the range of non-dimensional 
droplet length in terms of the capillary number for the operating region of the logic gate. The expressions facilitate 
the use of the results and by using them, it can be easily checked whether a specific point is inside the operating 
region or not.

The effects of the geometry. Another parameter that has an important impact on the operation of the 
logic gate is the relative hydrodynamic resistance of the two output channels. Here with varying the A + B 

Figure 9. The pressure distributions inside a droplet in the entrance of the exit junction in AND state for 
w4/w1 = 1.2, l/w1 = 2.2 and n = 0.7. The left parts are for Ca = 0.01 in which the droplet does not break up (point 
B of Fig. 5) and the right parts are for Ca = 0.015 in which the droplet breaks up (point C of Fig. 5). (a,b) The 
pressure distribution (m/s). (c,d) The pressure differences along the droplet (Pa).
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channel width (w4), we change its resistance. With the same length, the wider channel has less hydrodynamic 
resistance and the droplets prefer to pass through it. Figure 12 shows the effect of non-dimensional channel width 
on the operation of AND state for different power-law indexes. The non-dimensional channel width was changed 
from 1 to 1.6. Figure 12(f) compares the operating and non-operating regions for different power-law indexes. As 
is evident in the figure, the operating region of AND state increases by increasing the power-law index and for the 
cases with n = 1.3 the largest operating region for AND state is achieved. The reason is that in a certain geometry, 
fluid, and flow conditions by increasing the power-law index the viscosity of the droplet increases and this leads 
to a smaller velocity gradient and less vortex. Thus, the resistance to deformation becomes lower and the breakup 
of the droplet is facilitated.

Figure 12 shows that increasing the channel width (w4/w1) decreases the operating region. In this case, the 
relative resistance of two outlet channels (w4/w5) becomes larger and the probability of choosing the channel with 
the lower resistance by the droplet increases and the droplet breakup may not occur. Therefore, AND state may 

Figure 10. The droplet length effect on the logic gate operation, phase diagram of OR state for different power-
law indexes (w4/w1 = 1.2). (a) n = 0.7, (b) n = 0.85, (c) n = 1, (d) n = 1.15, (e) n = 1.3, (f) A comparison between 
the operating and non-operating regions for different power-law indexes.
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not operate properly. The detailed phenomenon is shown in Fig. 13. The figure shows the streamlines, velocity 
and vorticity distributions for two different widths of the channel A + B for AND state. The left parts are for 
w4/w1 = 1.2 (point A) and the right parts are for w4/w1 = 1 (point B). All the other parameters are the same in the 

Figure 11. The droplet length effect on the logic gate operation, phase diagram of AND/OR states 
simultaneously for different power-law indexes (w4/w1 = 1.2). (a) n = 0.7, (b) n = 0.85, (c) n = 1, (d) n = 1.15, (e) 
n = 1.3, (f) A comparison between the pressure of the operating and non-operating points.

N Operating region

0.7 . − . + . − < < . − . + . − .Ca Ca l w Ca Ca1 59exp( 2 42 ) 9 78exp( 208 ) / 1 03exp( 0 58 ) 18 5exp( 23 9 )1

0.85 Ca Ca l w Ca Ca1 85exp( 8 17 ) 156exp( 516 ) / 143exp( 16 3 ) 141exp( 16 9 )1. − . + − < < − . − − .

1 Ca Ca l w Ca Ca1 76exp( 9 12 ) 10 4exp( 332 ) / 2034exp( 17 38 ) 2031exp( 17 4 )1. − . + . − < < − . − − .

1.15 Ca Ca l w Ca Ca3exp( 57 2 ) 1424exp( 1271 ) / 81 8exp( 0 64 ) 78 4exp( 0 23 )1− . + − < < . − . − . − .

1.3 . − . + . − < < . − . − . − .Ca Ca l w Ca Ca2 48exp( 75 2 ) 68 9exp( 1078 ) / 67 1exp( 1 14 ) 63 9exp( 0 32 )1

Table 3. The operating region of a logic gate (range of the droplet length in terms of the capillary number).
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parts. The dimensionless droplet length is 1.4, the capillary number is 0.015 and n is 0.7. AND state is working 
for w4/w1 = 1 in which the droplet breaks up. As it is obvious, the velocity gradient is bigger in the wider channel 
(left one) and the vorticity becomes stronger. Thus, the droplets do not tend to deform. The pressure drop across 
the droplet interface is 150 and 185 Pa for w4/w1 = 1 (point B) and w4/w1 = 1.2 (point A), respectively. However, 
the pressure drop along the channel A + B is 617 and 439 Pa for w4/w1 = 1 (point B) and w4/w1 = 1.2 (point A), 
respectively. It means that when the channel becomes wider the pressure drop along it decreases and the droplet 
prefers to enter to this channel and will not break up. Thus, AND state will no longer work by making the chan-
nel wider. Although the pressure drop across the droplet interface in the entrance of the junction is 35 Pa more 
in the wider channel, it does not lead to the droplet breakup. In the wider channel, the pressure drop along the 
channel becomes more important than the pressure drop across the interface of the droplet. The pressure drop 
differences along the channel and across the interface between w4/w1 = 1 (point B) and w4/w1 = 1.2 (point A) are 
178 and 35 Pa, respectively. Therefore, the dominant phenomenon is the pressure drop along the channel and this 
factor controls the droplet break up process. The more detailed snapshots of the breakup process and the effect of 

Figure 12. The channel A + B width effect on AND state of the logic gate for l/w1 = 1.4 and different power-law 
indexes: (a) n = 0.7, (b) n = 0.85, (c) n = 1, (d) n = 1.15, (e) n = 1.3. (f) A comparison between the operating and 
non-operating regions for different power-law indexes.
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channel width ratio on the droplet breakup percentage in two outlet channels are available in the supplementary 
information.

Figure 14 shows the effect of the channel width on OR state of the logic gate. Unlike AND state, the operating 
region of the logic gate increases by increasing the channel A + B width in the OR state. A general reason is that 
by increasing the width of the channel A + B the relative width (w4/w5) and the relative resistance (R5/R4) of the 
two channels increase. This means that the difference between the hydrodynamic resistance of the two channels 
increases and the main inlet flow will pass through the wider channel (A + B) and the droplet that reaches the 
exit junction tends to choose this channel. In order to avoid prolonging this part, we do not present the related 
contours of OR state.

The operating regions of AND/OR states have been presented together in Fig. 15 for different power-law indexes. 
The figure indicates that the operating region increases by increasing the power-law index. The reason is shown 
briefly in Fig. 15(f). Two points (A, C) for n = 0.7 have been compared with the corresponding points (B, D) for 
n = 1.3. Apart from the power-law index, the rest of the parameters are the same for the corresponding points. The 
pressure drop in point A and B are 77 and 145 Pa, respectively. As these points are in AND state, the droplet in B 
breaks up and the AND state works. The pressure across the interface of the droplet in the point C increases 75 Pa 
whereas in point D decreases 597 Pa. Since these points operate in OR state the droplet in the point D will break up 
and the OR gate will not work. However, the droplet in point C does not break up and will choose the branch A + B; 

Figure 13. The velocity, the streamline and the vorticity distributions and the pressure drop along the interface 
of the droplet in the entrance of the exit junction in AND state and for n = 0.7, l/w1 = 1.4 and Ca = 0.015. 
The left parts are for w4/w1 = 1.2 in which the droplet does not break up (point A) and the right parts are for 
w4/w1 = 1 in which the droplet breaks up (point B). (a,b) The velocity distributions and streamlines. (c,d) The 
pressure distribution. (e,f) The vorticity distribution. (g,h) The pressure drop across the interface. (i,j)The 
pressure drop across the channel A + B.
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thus, OR state will work. Table 4 specifies the range of non-dimensional channel width in terms of the capillary num-
ber for the operating region of the logic gate. The results indicate that the profiles follow a power law distribution.

Conclusion
We have studied new aspects of logic gates and their operating conditions. Moreover, all the previous studies in 
the field of the microfluidic logic gate had used Newtonian fluids. Since most of the fluids are non-Newtonian, it 
was very important to study the effect of these types of fluids and their properties in the microfluidic logic gates. 
It was revealed that there are limitations for a logic gate to work properly. Important factors such as the droplet 
length, the non-Newtonian properties, the capillary number and the geometry of the logic circuit will affect the 
operating range of a logic gate. We studied all these parameters and explained how they may affect logic gate 
operation. Another novelty of our work was studying the non-Newtonian fluids in the logic gate.

Figure 14. The channel A + B width effect on OR state of the logic gate for l/w1 = 1.4 and different power-law 
indexes. (a) n = 0.7, (b) n = 0.85, (c) n = 1, (d) n = 1.15, (e) n = 1.3, (f) A comparison between the operating and 
the non-operating regions for different power-law indexes.
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Figure 15. The channel A + B width effect on the logic gate operation (both the states simultaneously) for 
w4/w1 = 1.2 and different power-law indexes. (a) n = 0.7, (b) n = 0.85, (c) n = 1, (d) n = 1.15, (e) n = 1.3, (f) A 
comparison between the pressure of the operating and non-operating points.

n Operating region

0.7 . < < .. .Ca w w Ca1 74 / 1 880 13
4 1

0 24

0.85 . < < .. .Ca w w Ca1 82 / 1 890 14
4 1

0 22

1 < < .. .Ca w w Ca2 / 1 990 14
4 1

0 22

1.15 . < < .. .Ca w w Ca1 93 / 2 420 15
4 1

0 16

1.3 < < .. .Ca w w Ca3 / 3 010 19
4 1

0 19

Table 4. The operating region of a logic gate (range of the channel width in terms of the capillary number).
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It was shown that the mechanism of AND/OR states are opposite each other. Thus, there is a specific operating 
region that is obtained from the subscription of operating regions of AND/OR states. In AND state, increasing the 
capillary number, the droplet length and the power-law index, causes an increase in the operating region. In contrast, 
increasing the width of the branch A + B decreases the operating region. In OR state increasing the capillary num-
ber, the droplet length and the power-law index, results in decreasing the operating region of the gate. while increas-
ing the width of the branch A + B increases the operating region. Since the operation of a logic gate depends on both 
AND/OR states, there is a range of physical and geometrical properties in which a logic gate will work properly. We 
have derived these ranges so that for designing a logic gate, one can refer to these plots to design an optimum gate.

Received: 20 September 2019; Accepted: 6 March 2020;
Published: xx xx xxxx

References
 1. Chung, C., Ahn, K. H. & Lee, S. J. Numerical study on the dynamics of droplet passing through a cylinder obstruction in confined 

microchannel flow. Journal of Non-Newtonian Fluid Mechanics 162, 38–44 (2009).
 2. Tice, J. D., Song, H., Lyon, A. D. & Ismagilov, R. F. Formation of Droplets and Mixing in Multiphase Microfluidics at Low Values of 

the Reynolds and the Capillary Numbers. Langmuir 19, 9127–9133 (2003).
 3. Dittrich, P. S. & Manz, A. Lab-on-a-chip: Microfluidics in drug discovery. Nature Reviews Drug Discovery 5, 210–218 (2006).
 4. Sarkar, S. & Ganguly, S. Characterization of electromagnetohydrodynamic transport of power law fl uids in microchannel. Journal 

of Non-Newtonian Fluid Mechanics 250, 18–30 (2017).
 5. Shojaei, A., Ramiar, A. & Ghasemi, A. H. Numerical investigation of the effect of the electrodes bed on the electrothermally induced 

fluid flow velocity inside a microchannel. International Journal of Mechanical Sciences 157–158, 415–427 (2019).
 6. Won, B. J., Lee, W. & Song, S. Estimation of the thermocapillary force and its applications to precise droplet control on a microfluidic 

chip. Scientific Reports 7, 3062 (2017).
 7. Varma, V. B., Ray, A., Wang, Z. M., Wang, Z. P. & Ramanujan, R. V. Droplet Merging on a Lab-on-a-Chip Platform by Uniform 

Magnetic Fields. Scientific Reports 6, 37671 (2016).
 8. Zhao, Y. & Chakrabarty, K. Digital microfluidic logic gates and their application to built-in self-test of lab-on-chip. IEEE transactions 

on biomedical circuits and systems 4, 250–262 (2010).
 9. Zhou, B. et al. Universal logic gates via liquid-electronic hybrid divider. Lab on a Chip 12, 5211–5217 (2012).
 10. Katsikis, G., Cybulski, J. S. & Prakash, M. Synchronous universal droplet logic and control. Nature Physics 11, 588 (2015).
 11. Khater, A., Mohammadi, M., Mohamad, A. & Nezhad, A. S. Dynamics of temperature-actuated droplets within microfluidics. 

Scientific Reports 9, 3832 (2019).
 12. Wang, Y., Xia, J., Sun, H., Yuan, S. & Liu, X. Binary-phase acoustic passive logic gates. Scientific Reports 9, 8355 (2019).
 13. Gao, J. et al. Implementation of cascade logic gates and majority logic gate on a simple and universal molecular platform. Scientific 

Reports 1–7, https://doi.org/10.1038/s41598-017-14416-7 (2017).
 14. Ajdari, A. Steady flows in networks of microfluidic channels: Building on the analogy with electrical circuits. Comptes Rendus 

Physique 5, 539–546 (2004).
 15. Oh, K. W., Lee, K., Ahn, B. & Furlani, E. P. Design of pressure-driven microfluidic networks using electric circuit analogy. Lab on a 

Chip 12, 515–545 (2012).
 16. Conway, A. Guide to fluidics. (Macdonald, 1971).
 17. Charles, A. B. Fluidic systems design. (1971).
 18. Sarkar, S. K., De, A. K. & Sarkar, S. Foundation of Digital Electronics and Logic Design. (Pan Stanford Publishing, 2014).
 19. Groisman, A., Enzelberger, M. & Quake, S. R. Microfluidic memory and control devices. Science 300, 955–958 (2003).
 20. Groisman, A. & Quake, S. R. A microfluidic rectifier: Anisotropic flow resistance at low Reynolds numbers. Physical Review Letters 

92, 094501 (2004).
 21. Vestad, T., Marr, D. W. M. & Munakata, T. Flow resistance for microfluidic logic operations. Applied Physics Letters 84, 5074–5075 (2004).
 22. Prakash, M. & Gershenfeld, N. Microfluidic bubble logic. Science 315, 832–835 (2007).
 23. Cheow, L. F., Yobas, L. & Kwong, D. L. Digital microfluidics: Droplet based logic gates. Applied Physics Letters 90, 054107 (2007).
 24. Belloul, M., Engl, W., Colin, A., Panizza, P. & Ajdari, A. Competition between local collisions and collective hydrodynamic feedback 

controls traffic flows in microfluidic networks. Physical Review Letters 102, 194502 (2009).
 25. Choi, W. et al. Bubbles navigating through networks of microchannels. Lab on a Chip 11, 3970–3978 (2011).
 26. Labrot, V., Schindler, M., Guillot, P., Collin, A. & Joanicot, M. Extracting the hydrodynamic resistance of droplets from their 

behavior in microchannel networks. Biomicrofluidics 3, 012804 (2009).
 27. Vanapalli, S. A. & Banpurkar, A. G. Van Den Ende, D., Duits, M. H. G. & Mugele, F. Hydrodynamic resistance of single confined 

moving drops in rectangular microchannels. Lab on a Chip 9, 982–990 (2009).
 28. De Leo, E. et al. Communications and switching in microfluidic systems: Pure hydrodynamic control for networking labs-on-a-chip. 

IEEE Transactions on Communications 61, 4663–4677 (2013).
 29. Engl, W., Roche, M., Colin, A., Panizza, P. & Ajdari, A. Droplet traffic at a simple junction at low capillary numbers. Physical Review 

Letters 95, 208304 (2005).
 30. Geddes, J. B., Storey, B. D., Gardner, D. & Carr, R. T. Bistability in a simple fluid network due to viscosity contrast. Physical Review E 

- Statistical, Nonlinear, and Soft Matter Physics 81, 046316 (2010).
 31. Glawdel, T., Elbuken, C. & Ren, C. Passive droplet trafficking at microfluidic junctions under geometric and flow asymmetries. Lab 

on a Chip 11, 3774–3784 (2011).
 32. Jousse, F., Farr, R., Link, D. R., Fuerstman, M. J. & Garstecki, P. Bifurcation of droplet flows within capillaries. Physical Review E - 

Statistical, Nonlinear, and Soft Matter Physics 74, 036311 (2006).
 33. Schindler, M. & Ajdari, A. Droplet traffic in microfluidic networks: A simple model for understanding and designing. Physical 

Review Letters 100, 044501 (2008).
 34. Cybulski, O. & Garstecki, P. Dynamic memory in a microfluidic system of droplets traveling through a simple network of 

microchannels. Lab Chip 10, 484–493 (2010).
 35. Fuerstman, M. J., Garstecki, P. & Whitesides, G. M. Coding/decoding and reversibility of droplet trains in microfluidic networks. 

Science 315, 828–832 (2007).
 36. Sessoms, D. A., Amon, A., Courbin, L. & Panizza, P. Complex dynamics of droplet traffic in a bifurcating microfluidic channel: 

Periodicity, multistability, and selection rules. Physical Review Letters 105, 154501 (2010).
 37. Smith, B. J. & Gaver, D. P. III Agent-based simulations of complex droplet pattern formation in a two-branch microfluidic network. 

Lab on a Chip 10, 303–312 (2010).
 38. Toepke, M. W., Abhyankar, V. V. & Beebe, D. J. Microfluidic logic gates and timers. Lab on a Chip 7, 1449–1453 (2007).
 39. Song, K. et al. Encoding and controlling of two droplet trains in a microfluidic network with the loop-like structure. Microfluidics 

and Nanofluidics 19, 1363–1375 (2015).

https://doi.org/10.1038/s41598-020-66337-7
https://doi.org/10.1038/s41598-017-14416-7


1 8Scientific RepoRtS |         (2020) 10:9293  | https://doi.org/10.1038/s41598-020-66337-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 40. Djalali Behzad, M., Seyed-Allaei, H. & Ejtehadi, M. R. Simulation of droplet trains in microfluidic networks. Physical Review E - 
Statistical, Nonlinear, and Soft Matter Physics 82, 037303 (2010).

 41. Cartas-Ayala, M. A., Raafat, M. & Karnik, R. Self-sorting of deformable particles in an asynchronous logic microfluidic circuit. Small 
9, 375–381 (2013).

 42. Cristobal, G., Benoit, J. P., Joanicot, M. & Ajdari, A. Microfluidic bypass for efficient passive regulation of droplet traffic at a junction. 
Applied Physics Letters 89, 034104 (2006).

 43. Cybulski, O. & Garstecki, P. Transport of resistance through a long microfluidic channel. Physical Review E - Statistical, Nonlinear, 
and Soft Matter Physics 82, 56301 (2010).

 44. Yamada, M., Doi, S., Maenaka, H., Yasuda, M. & Seki, M. Hydrodynamic control of droplet division in bifurcating microchannel and 
its application to particle synthesis. Journal of Colloid and Interface Science 321, 401–407 (2008).

 45. Boukellal, H., Selimović, Š., Jia, Y., Cristobal, G. & Fraden, S. Simple, robust storage of drops and fluids in a microfluidic device. Lab 
on a Chip 9, 331–338 (2009).

 46. Bithi, S. S. & Vanapalli, S. A. Behavior of a train of droplets in a fluidic network with hydrodynamic traps. Biomicrofluidics 4, 044110 (2010).
 47. Anandan, P., Gagliano, S. & Bucolo, M. Computational models in microfluidic bubble logic. Microfluidics and Nanofluidics 18, 

305–321 (2014).
 48. Hadigol, M., Nosrati, R., Nourbakhsh, A. & Raisee, M. Numerical study of electroosmotic micromixing of non-Newtonian fluids. 

Journal of Non-Newtonian Fluid Mechanics 166, 965–971 (2011).
 49. Merdasi, A., Ebrahimi, S., Moosavi, A., Shafii, M. B. & Kowsary, F. Numerical simulation of collision between two droplets in the 

T-shaped microchannel with lattice Boltzmann method. AIP Advances 6, 115307 (2016).
 50. Merdasi, A., Ebrahimi, S., Moosavi, A., Shafii, M. B. & Kowsary, F. Simulation of a falling droplet in a vertical channel with 

rectangular obstacles. European Journal of Mechanics, B/Fluids 68, 108–117 (2018).
 51. Olsson, E. & Kreiss, G. A conservative level set method for two phase flow. Journal of computational physics 210, 225–246 (2005).
 52. Olsson, E., Kreiss, G. & Zahedi, S. A conservative level set method for two phase flow II. Journal of Computational Physics 225, 

785–807 (2007).
 53. Zhang, R., Ikoma, Y. & Motooka, T. Negative capillary-pressure-induced cavitation probability in nanochannels. Nanotechnology 21, 

105706 (2010).
 54. Javanbakht, M.-H. & Moosavi, A. Heat transfer on topographically structured surfaces for power law fluids. International Journal of 

Heat and Mass Transfer 121, 857–871 (2018).
 55. Schenk, O. & Gärtner, K. Solving unsymmetric sparse systems of linear equations with PARDISO. Future Generation Computer 

Systems 20, 475–487 (2004).
 56. Afkhami, S., Leshansky, A. M. & Renardy, Y. Numerical investigation of elongated drops in a microfluidic T-junction. Physics of 

Fluids 23, 022002 (2011).
 57. Chiarello, E., Gupta, A., Mistura, G., Sbragaglia, M. & Pierno, M. Droplet breakup driven by shear thinning solutions in a 

microfluidic T-junction. Phys. Rev. Fluids 2, 123602 (2017).
 58. Biral, A., Zordan, D. & Zanella, A. Modeling, simulation and experimentation of droplet-based microfluidic networks. IEEE 

Transactions on Molecular, Biological and Multi-Scale. Communications 1, 122–134 (2015).
 59. Chinappi, M. & Casciola, C. M. Intrinsic slip on hydrophobic self-assembled monolayer coatings. Physics of Fluids 22, 42003 (2010).
 60. Zhu, L., Attard, P. & Neto, C. Reconciling Slip Measurements in Symmetric and Asymmetric Systems. Langmuir 28, 7768–7774 (2012).
 61. Sega, M., Sbragaglia, M., Biferale, L. & Succi, S. Regularization of the slip length divergence in water nanoflows by inhomogeneities 

at the Angstrom scale. Soft Matter 9, 8526–8531 (2013).
 62. Chen, Y. & Deng, Z. Hydrodynamics of a droplet passing through a microfluidic T-junction. Journal of Fluid Mechanics 819, 

401–434 (2017).
 63. Bedram, A., Darabi, A. E., Moosavi, A. & Hannani, S. K. Numerical Investigation of an Efficient Method (T-Junction With Valve) for 

Producing Unequal-Sized Droplets in Micro- and Nano-Fluidic Systems. Journal of Fluids Engineering 137, 031202 (2014).

Author contributions
E.A., A.M. and S.K.H. set the theoretical frame work and designed the research. E.A. performed the simulation 
and interpreted the results under supervision of A.M. and S.K.H. E.A. wrote the manuscript with help from all 
co-authors. A.M. critically revised the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66337-7.
Correspondence and requests for materials should be addressed to A.M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-66337-7
https://doi.org/10.1038/s41598-020-66337-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-Newtonian droplet-based microfluidics logic gates
	Results and Discussion
	The governing equations and the method. 
	Verification. 
	Newtonian. 
	Non-newtonian. 

	The system under study. 
	The effects of the power-law index and the bubble/droplet length. 
	The effects of the geometry. 

	Conclusion
	Figure 1 (a) The geometry of the microchannel used by Afkhami et al.
	Figure 2 (a) The schematic geometry of the system considered for the droplet formation.
	Figure 3 A schematic representation of the considered logic gate in the study and its geometric parameters.
	Figure 4 The droplet velocity (u) in the logic gate versus the microchannel axis for different number of grids.
	Figure 5 The droplet length effect on AND state for w4/w1 = 1.
	Figure 6 Velocity, pressure and vorticity distributions for a droplet in the entrance of the exit junction in AND state for w4/w1 = 1.
	Figure 7 Droplet behavior in AND state in non-breakup (point E of Fig.
	Figure 8 The velocity and the pressure distributions inside a droplet in the entrance of the exit junction in AND state for w4/w1 = 1.
	Figure 9 The pressure distributions inside a droplet in the entrance of the exit junction in AND state for w4/w1 = 1.
	Figure 10 The droplet length effect on the logic gate operation, phase diagram of OR state for different power-law indexes (w4/w1 = 1.
	Figure 11 The droplet length effect on the logic gate operation, phase diagram of AND/OR states simultaneously for different power-law indexes (w4/w1 = 1.
	Figure 12 The channel A + B width effect on AND state of the logic gate for l/w1 = 1.
	Figure 13 The velocity, the streamline and the vorticity distributions and the pressure drop along the interface of the droplet in the entrance of the exit junction in AND state and for n = 0.
	Figure 14 The channel A + B width effect on OR state of the logic gate for l/w1 = 1.
	Figure 15 The channel A + B width effect on the logic gate operation (both the states simultaneously) for w4/w1 = 1.
	Table 1 The size of the geometrical parameters used in the logic gate.
	Table 2 The fluid properties used in the study.
	Table 3 The operating region of a logic gate (range of the droplet length in terms of the capillary number).
	Table 4 The operating region of a logic gate (range of the channel width in terms of the capillary number).




