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Abstract: Metamaterial-based microwave components are among the state-of-the-art heater and sensor designs for

microfluidic systems. The miniaturization and energy-focusing abilities of the metamaterial-based components make

it possible to adopt microwave components operating at wavelengths in the order of 10 cm for microfluidic systems.

Microwave systems are particularly advantageous for point-of-care and high-throughput applications due to their high

speed of operation, very low instrumentation cost, ability to selectively and internally heat specimens, and ability of

label-free sensing. In this study, the efficiency and behavior of microwave components designed for heating and sensing

small volumes in the scale of nanoliters are studied. In the heating behavior, an optimum passivation layer thickness that

depends on the permittivity of the chip material is observed. Increasing the permittivity of the chip material increases the

optimum passivation layer thickness. For a typical microfluidic environment that uses polydimethylsiloxane as the chip

material and a lossy substrate, 37.4% of incoming microwave power is converted to heat within a 3-nL droplet. Increasing

the permittivity of the chip material increases the heating efficiency. The sensing performance of the component shows

that a 3-nL droplet generates a shift of 330 MHz (11.3%) in the resonance frequency. There is an optimum chip material

permittivity that maximizes the shift in the resonance frequency. Increasing the passivation layer thickness reduces the

sensitivity. Results provide a guideline for microwave heater and sensor designs in microfluidic platforms.
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1. Introduction

Microfluidics provide many advantages, including reduced reagent use, shortened reaction time, and increased

sensitivity, for biological and chemical processes when compared with conventional techniques [1–3]. As a result,

microfluidics find applications in lab-on-a-chip and point-of-care systems [4], micro total analysis systems [5],

protein separation [6], DNA analysis [7], drug discovery [8], tissue engineering [9], etc. In order to fully realize

the potential of microfluidic technology, one key need is to develop precise and fast systems for heating and

sensing fluids within microchannels.

The majority of heaters in microfluidic systems are either conduction-based heaters or internal heaters. In

the case of conduction-based heaters, heat is generated within the heater and conducted to the target naturally

as a result of the generated temperature difference. Peltier modules, joule heating, and resistive heaters are

samples of conduction-based heaters that are used in microfluidic systems [10–15]. In systems that are designed

for fast and high-throughput analysis, conduction-based heaters do not provide enough heating speed and
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material selectivity. On the other hand, in internal heaters such as optical [16,17] or microwave heaters [18],

the heating mechanism is much faster and heat is generated within the target.

Similar to the need for new heater designs, localized, fast, and precise sensors are needed for microfluidic

technology in order to realize compact lab-on-a-chip and high-throughput applications. In microfluidic systems

sensors are mainly used for detecting or counting droplets and micro/nanoparticles. Optical [19], resistive [20,21],

capacitive [22], and thermal [23] detection schemes are the most commonly used label-free sensing techniques.

Major shortcomings of these techniques are expensive equipment, labor-intensive fabrication procedures due to

alignment issues, and slow operation when compared to the operation speed of microfluidic devices.

Microwave heaters provide fast, selective, and cost-effective heating for microfluidic systems. The first

microwave heater for microfluidic devices was reported in [24]. In [25,26], microwave heaters were employed

for two-phase microfluidics and polymerase chain reaction operations, respectively. In a recent development, a

fast and localized microwave component that can heat nanoliter droplets was developed by using metamaterial

concepts [18]. The heater is able to heat the droplets one by one with a heating rate of 8 ◦C/ms. In addition

to the heating, the metamaterial-based component combines heating and sensing functions in a single unit.

In order to utilize advantages of microwave technology, e.g., cost-effective fabrication, ability of minia-

turization, and reliable operation, in the design and fabrication of microwave components, the following re-

quirements are necessary: 1) a planar design and fabrication procedure, 2) fabrication procedures for good

conductors with trace height larger than the skin depth. Among the reported fabrication procedures, [18] is the

only study that matches the requirements.

Although metamaterial-based microwave components for sensing and heating are demonstrated experi-

mentally, their behavior under different material properties and chip designs has not been studied. For such a

study, experimental methods are not well developed yet. A parametric experimental study of the effect of ma-

terial properties is not possible since currently used materials for microfluidic systems are limited. In addition,

procedures of planar microwave component fabrication for materials used in making microfluidic chips have not

been developed except for polydimethylsiloxane (PDMS). The objective of this paper is to analyze sensing and

heating performances of a metamaterial-based microwave component. The effect of microwave properties of

chip material and substrate material is studied using numerical analysis. Resonance behavior of the heater and

heat generation within a 3-nL droplet are analyzed.

2. Resonator structure and important parameters

The microwave component is composed of a ring resonator with a T-shaped capacitive gap, an excitation loop,

and a coplanar transmission line that feeds the excitation loop as shown in Figure 1a. The energy dissipation

from the structure can be classified in three categories: 1) conductive, 2) dielectric, and 3) radiative losses. In

order to have an efficient heater for microfluidic platforms, the radiation loss must be reduced and dielectric

loss must be concentrated within the channel. In this structure, the resonator concentrates the E field energy

within the capacitive gap, which has a foot print of 200 µm × 120 µm. Figure 1b presents a side view of the

structure.

The lumped element model of the structure is presented in Figure 2. Louter and Router represent induc-

tance and total resistance that includes the conductive and radiative losses of the excitation loop, respectively.

The inner split ring resonator (SRR) has an inductance of LSRR due to the current circulation, a resistance

of RCu due to the conductive losses, a resistance of Rr due to radiation, a capacitance of CSRR due to the

T-shaped gap, and a resistance of Rd as a result of the dielectric loss within the capacitance.
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Figure 1. (a) Top view of the heater including the excitation structure and the resonator. Same dimensions as presented

in [18] are used for comparison purposes. (b) Side view of the heating zone. The electrodes are covered by a passivation

layer to prevent short circuit and contamination. Water droplets have the dimensions of 300 µ m × 200 µ m × 50

µ m.

Figure 2. Circuit model for the sensing and heating element. Z in is the impedance observed by the coplanar transmission

line (see Figure 1). Variations in CSRR indicate a change in the dielectric constant of the fluid and variations in Rd

indicate a change in the imaginary part of the permittivity of the fluid. Power dissipated within Rd is converted to heat.

The input impedance of such a circuit is given by:

Zin = Router + jωLouter +
ω2M2

Zr
, (1)

where

Zr = RCu +Rr + jωLSRR +
Rd

1 + jωCSRRRd
(2)

In a typical microfluidic system, usually a chip that contains the microfluidic channel is bonded on a substrate

(Figure 1b). In order to analyze the effect of material selection on the heating and sensing performance, the

behavior of the microwave component is studied for different permittivity and loss tangent values. Chip and

substrate material combinations that are presented in the Table are selected to cover frequently used materials

in microfluidic chips and to investigate limitations and characteristics of the component. Typically, glass, PDMS

(ε = 2.5–2.7, tanδ = 0.01–0.04 [27]), polymethylmethacrylate (PMMA), and quartz are used in chip fabrication.
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Table. Combinations of substrate and chip materials.

Case # 1 2 3 4 5 6 7 8 9 10
εsubs 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
tanδsubs 0 0.005 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
εchip 1 1 1 1.5 2.5 3.4 5.5 10 2.5 2.5
tanδchip 0 0 0 0 0 0 0 0 0.02 0.04

In addition to material properties, passivation layer thickness (d) is also an important parameter. The

passivation layer is required in almost all microfluidic systems that use electrodes. The main reasons behind the

use of a passivation layer are to prevent contamination, to generate well-defined droplets, and to prevent short

circuits if capacitive electrodes are being used. The interaction of the droplet with the electric field generated

by the capacitive gap depends on the distance between the electrodes and the droplet. As a result, the effect of

the droplet on CSRR is a function of d. Due to the fabrication processes reported in [18], d cannot be controlled

precisely. Therefore, full-wave numerical analysis is used to analyze the effect of d on the performance. All of

the structure including the coaxial to coplanar transmission line transition via an edge mount SMA connector

(Emerson Connectivity Part # 142-0701-841) is modeled in the simulator.

Figure 3 presents typical behavior of the heater for different d values for Case 1. The reflection coefficient

presents a clear resonance frequency (fr) around 3 GHz. Since the chip material is assumed to be in a vacuum,

as the water droplet becomes closer to the electrodes, the capacitance increases. As a result fr shifts to higher

frequencies as the passivation layer increases. For Case 1, as d changes from 2 µ m to 20 µ m, a shift of 275

MHz in fr is observed, which corresponds to a dielectric constant change from 1 to 81.

At the resonance frequency, the operation wavelength is around 10 cm. Since the outer diameter of the

excitation loop is 6.45 mm [18], the size of the resonator structure is comparable to the operation wavelength. As

a result, radiation characteristics of the structure must be analyzed to ensure that the structure is not radiating

efficiently. Figure 4 presents radiated power as a function of frequency for Case 1. The radiated power increases

exponentially until the resonance frequency is reached. When the structure is excited by a 1-W source, the

radiated power as a function of frequency is given by:

Pr =
(
0.02ef/0.89 − 0.022

)
W (3)

where f is the operation frequency in GHz. At the resonance frequency the radiated power is reduced

significantly, typically below 20%, and it is further reduced as the passivation layer thickness increases (around

10% when d = 20 µ m).

3. Sensing performance

When a water droplet is present near the capacitive region of the microwave component, due to the contrast

between the microwave properties of the droplet and the chip material, the reflection coefficient changes. The

loss tangent of the water droplet affects Rd and the permittivity of the droplet affects CSRR . Therefore, the

loss tangent of the droplet mainly affects the quality factor of the resonator and the dielectric constant affects

the resonance frequency. The change in the resonance frequency due to a change in the permittivity is given by

[28]:

fr1 − fr2
fr1

=

∫
v
(∆εE1·E0) dv∫

v

(
ε |E0|2 + µ0 |H0|2

)
dv

(4)
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Figure 3. Reflection coefficient as a function of frequency

for Case 1.

Figure 4. Radiated power as a function of frequency for

Case 1 with a total excitation power of 1 W.

where

∆ε is the change in the permittivity, v is the perturbed volume, fr1 is the resonance frequency before the per-

turbation, and fr2 is the resonance frequency after the perturbation. E0 and H0 are the field distributions

without the perturbation and E1 and H1 are the field distributions with the perturbation.
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Figure 5. fr as a function of d for different material combinations. As the permittivity of the dielectric constant

increases, fr reduces. The loss tangent of the chip material does not have a considerable effect on fr .

In Figure 5, fr as a function of d is presented. Results for Cases 1, 2, and 3 and Cases 5, 9, and 10

show that loss tangents of the substrate (tanδsubs) and chip material (tanδchip) have minor effects on fr . On

the other hand, the permittivity of the chip material (εchip) reduces fr by increasing the capacitance of the

resonator (Cases 3–8). As d increases, resonance frequency saturates. For d >16 µ m, changing d does not

affect the resonance frequency considerably.

In order to quantify the sensitivity of fr to d, change in the resonance frequency (∆fr) is calculated.

∆fr , defined as

∆fr = fr|d=20µm − fr|d=2µm (5)

is presented in Figure 6 as a function of εchip . A sensitivity peak at εchip = 2.5 is observed as a result of

the composition of CSRR . CSRR is composed of two parallel capacitances, CSRR = Cglass+ Cchip . The first

capacitance, Cglass , is constant and is due to the E field within the glass substrate and air under the electrodes

(–z direction in Figure 1b). The second capacitance, Cchip , is due to the E field within the chip material and
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the droplet (+z direction in Figure 1b) and is the varying capacitance that actually senses the droplet. At low

εchip values, increasing εchip increases the contribution of Cchip in CSRR . As a result, changes in Cchip result

in a higher frequency shift. On the other hand, since higher εchip reduces the permittivity contrast between

water and the chip material, the sensitivity reduces when εchip is increased further. Eventually the frequency

shift is expected to become zero as εchip approaches the dielectric constant of water.

4. Heating performance

In order to analyze the efficiency of the heater, the power dissipated within the water droplet is calculated. Since

water does not have a magnetic response, the dissipated microwave power within the droplet can be written as:

Pheat =

∫
V

(J∗ ·E) dv (6)

where J is the current density, E is the electric field, and V is the volume of the droplet.

Figure 7 presents a typical behavior of the heat generation within the droplet as a function of frequency

when 1 W of power is used. At resonance frequencies the heat generation is maximum. For Case 1, as d

increases, heat generation within the droplet reduces and 40% of the input power is converted to heat within

the droplet for d = 2 µ m.
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Figure 6. Frequency shift as a function of permittivity

of the chip material. The substrate is assumed to be glass

with a loss tangent of 0.005. Frequently used materials in

microfluidic systems are indicated in the plot.

Figure 7. The microwave power dissipated in water as a

function of frequency for different d values. The material

combination of Case 1 is used.

An important feature of the microwave heating using the metamaterial concept is selective heating. Since

the material and the size of the droplet affect the resonance frequency, the heater operates at different frequencies

for different droplets. For selectivity, full width at half maximum (FWHM) is an important parameter. FWHM

for the heat generation is between 140 MHz and 120 MHz. In other words, if the heater is tuned to droplets

with specific size and material content, the heat generation within a different droplet will be reduced by more

than 50% if the different droplet shifts the resonance frequency by more than 70 MHz.

4.1. Effect of tanδsubs

Figure 8 presents the effect of tanδsubs on the heat generation within the droplet. Compared to the lossless

case, tanδsubs = 0.005 reduces the heat generation by 13.3% for d = 2 µ m. As d increases the reduction in the
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heat generation within the droplet due to tanδsubs increases. An average of 19.8% reduction in heat generation

is observed when 10 ≤ d ≤ 20. When tanδsubs is doubled, the heat generation is further reduced, but the

reduction is not doubled. For d = 2 µ m, a substrate with tanδsubs = 0.01 reduces the heat generation by

25%. For 10 ≤ d ≤ 20, reduction in heat generation is almost constant with an average of 34.6% and standard

deviation of 1.09%.

The effect of the loss tangent of the substrate is tolerable for medium loss values and for low passivation

layer thicknesses. Although tanδsubs does not completely suppress the heating mechanism, low-loss glass is the

proper substrate material for heating applications unless a flexible substrate is required.

4.2. Effect of εchip

Figure 9 analyzes effect of εchip on the heating performance by comparing Cases 3–8. The first important

observation is that when εchip increases, heat generation increases. This response is attributed to two factors.

The first one is the behavior of CSRR as discussed in Section 3: higher εchip concentrates more of the capacitive

energy within the chip and droplet rather than within the glass substrate. The second is the behavior of

evanescent waves in dielectric media. The field generated by the microwave component is a superposition of

radiative and evanescent waves [29]. Since the radiation efficiency is very low at the resonance frequency, the

field is dominated by the evanescent waves. As the permittivity of a medium increases, the decay constant of

evanescent fields becomes smaller and fields become more diverged.
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Figure 8. Heat generation within the droplet as a func-

tion of d for different tanδsubs under 1 W of excitation

power.

Figure 9. Maximum power deposition as a function of d

for different material combinations. The effect of the per-

mittivity of the chip material on the heating characteristic

is presented.

Another important and yet counterintuitive result is that heat generation is not reduced monotonically

as d increases. On the other hand, a monotonically decreasing behavior is expected since the E field decays in

the z direction due to the behavior of evanescent fields. Figure 9 shows that although at low εchip values, heat

generation is reduced monotonically, at higher εchip values, an optimum passivation layer thickness is observed

at which the heat generation within the droplet is maximized. This behavior is a result of the entangled

relationship between the quality factor of the resonator, E field strength, and d. For example, in Case 8, at d

= 2 µ m, the resistance of the resonator is high and as a result the quality factor is low. A low quality factor

deteriorates matching and reduces the strength of the E field. As d increases, the resistance is reduced and a

better matching is achieved, which increases the heat generation within the droplet. Further increasing d makes
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the quality factor even better, but since Rd becomes smaller (or the droplet becomes far away from the heating

zone), the heat generation reduces. This behavior can be observed in Figure 10 where the reflection coefficient

as a function of frequency is presented for Case 8.

4.3. Effect of tanδchip

In order to analyze the effect of tanδchip , maximum heat generation is plotted as a function of passivation layer

thickness for Cases 5, 9, and 10 in Figure 11. Among the frequently used materials in microfluidic channels,

PDMS has the highest loss tangent. Therefore, different loss tangent values for PDMS material are analyzed.

Increasing the loss tangent reduces the heat generation within the droplet. For the typical value of tanδchip =

0.02, the efficiency is reduced by 17.9% for d = 2 µ m. As d increases, the reduction in heat generation within

the droplet increases and at d = 20 µ m a reduction of 27.3% is observed.
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Figure 10. Reflection coefficient as a function of fre-

quency for Case 8. Increasing d increases the quality fac-

tor.

Figure 11. Maximum power deposition as a function of d

for different material combinations. The effect of the loss

tangent of the chip material on the heating characteristic

is presented.

5. Comparison with experimental data

Although a parametric experimental study is not available in the literature, the experimental data presented

in [18] can be used for comparison purposes. Droplets were generated within a 200 µ m × 50 µ m channel.

Lengths of the droplets varied between 300 µ m and 400 µ m. The chip material was PDMS (Sylgard 184, Dow

Corning) and the passivation layer was hard PDMS (EG-6301, Dow Corning). Although a consistent passivation

layer thickness fabrication was not demonstrated, chips used for the experimentations had passivation layer

thicknesses between 5 µ m and 10 µ m. Finally, a low-loss glass substrate was used for fabrication.

In [18], the heating experiments show that 0.647 mJ heat is generated within the droplet in 5.62 ms,

under 0.5 W of excitation power. These values correspond to a 23.03% efficiency in depositing energy to the

droplet. For the sensing performance, a resonance frequency of 120 MHz was observed for droplets. According

to Figure 11, 23.03% efficiency corresponds to an interval of passivation layer thickness between 3.2 µ m and 8

µ m. According to Figure 5, for PDMS chip material (Cases 5, 9, and 10), a ∆fr of 120 MHz corresponds to a

d value between 6 µ m and 8 µ m. Therefore, the experimental data presented in [18] are consistent with the

numerical analysis presented in this work.
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6. Conclusion

Effects of the passivation layer and electromagnetic properties of materials employed in microfluidic systems

on the behavior and efficiency of microwave components are analyzed. The sensing behavior of the microwave

component reveals that at a certain chip material permittivity the sensitivity is maximized. For a 3-nL water

droplet, a 330-MHz resonance frequency shift is achieved.

The passivation layer thickness, or in other words the distance between the water droplet and the

electrodes, affects both the quality factor of the resonator and heat generation within the droplet. As a result,

in the case of chip materials with high permittivity, an optimum passivation layer thickness where the efficiency

is maximized is observed. Although increasing the loss tangent of the substrate and chip material reduces the

efficiency, heating efficiency of more than 25% is achieved even with high substrate and chip material losses.
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