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This paper presents modeling and finite element analysis of a
thermopneumatic micropump with a novel design that does not affect

the temperature of the working fluid. The micropump is operated by
activating a passive wireless heater using wireless power transfer when
the magnetic field is tuned to match the resonant frequency of the
heater. The heater is responsible for heating an air-heating chamber
Keywords: that is connected to a loading reservoir through a microdiffuser
element. The solution inside the reservoir is pumped through a
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I?Amg (i]eli.\(;?ry microchannel that ends with an outlet hole. The thermal and pumping
M%cro uidie performances of the micropump are analyzed using finite element

icropump . method over a low range of Reynold’s number < 10 that is suitable for
Thermopneumatic

various biomedical applications. The results demonstrate promising
performance with a maximum flow rate of ~2.86 puL/min at a chamber
temperature of 42.5 °C, and a maximum pumping pressure of 406.5 Pa.
The results show that the developed device can be potentially
implemented in various biomedical areas, such as implantable drug
delivery applications.

Wireless power transfer
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1. INTRODUCTION

Since the beginning of MEMS-development, micropumps were among the first devices to be
fabricated in microscale, due to their various applications in microelectronics cooling, medicine, biology, and
space exploration [1]. In various MEMS-based systems, the ability to precisely manipulate and pump small
volumes of fluids is crucial. For instance, in biological systems, samples are required to be pumped through
the components of miniature assay systems, which therefore requires achieving precise control of the pumping
and manipulation process [2]. Another important aspect for microfluidic systems is the ability to possess a
miniature self-contained micropump. For example, transdermal drug delivery systems require having small
sizes that allow portable and implantable applications while achieving precise pumping of drugs compounds
through the skin to reach the systemic circulation for subsequent distribution in the human body [3]. Several
types of MEMS-based micropumps have been reported in the literature to address the aforementioned issues.
Generally, micropumps are classified based on their pumping principle into two main categories. The first
category is called mechanical or displacement micropumps, which have moving mechanical parts to exert
pressure on the working fluid. The second category is called non-mechanical or dynamic micropumps, which
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add momentum to the working fluid, where this momentum is subsequently converted into pressure. These two
categories of micropumps are subdivided into more categories, based on their actuation and construction
methods [1]. However, the majority of reported micropumps are mechanical, since the performance of non-
mechanical micropumps is highly dependent on properties of the working liquid, such as the conductivity of
the fluid [4]. The most common type of mechanical micropumps is the diaphragm single chamber type, with a
diffuser-nozzle (valveless) geometry. However, this type of micropumps has limitations in terms of the
applications that are sensitive to vibrations or those requiring a continuous single-stroke delivery [2].

To address these issues, aperiodic (single-stroke) type micropumps are utilized. This type pumps a
liquid from a pre-filled storage chamber into a microchannel, using the pressure generated by an actuator. Such
aperiodic micropumps can be used to achieve a high-precision pumping without requiring moving parts, which
makes them suitable for portable [5, 6] and disposable devices for biomedical applications [7, 8]. Pneumatic
and thermopneumatic micropumps have been efficiently used in periodic and aperiodic applications [4].
Pneumatic micropumps require and external pressure source to perform the actuation process, while
thermopneumatic micropumps utilize on-board heaters to actuate. This allows thermopneumatic micropumps
to have a smaller sizes and simpler fabrication methods when compared to pneumatic micropumps. In addition,
thermopneumatic microactuators offer an advantageous performance in terms of the combined efficiency and
energy density when compared to other types of microactuators, such as piezoelectric and shape memoty alloy
microactuators [9-11]. Thermopneumatic micropumps are be operated using the deflection of a membrane that
is generated by heating and cooling the air trapped within a heating chamber [12]. The flow direction is usually
controlled using active valves, passive check valves, or multiple actuators that generate peristaltic pumping.
Nevertheless, such methods tend to limit the longevity of the micropump due to the tearing and aging effects
of the moving elements. In addition, they are prone to bubbles trapping within the moving boundaries [1].
Single stroke micropumps can potentially address these issues by pushing the liquid from the reservoir to the
outlet depending on the volume expansion of the air trapped within the heating chamber, which eliminates the
risks of mechanical failures of the moving elements [7]. However, thermopneumatic micropumps require
maintaining the operating power above a certain level to maintain pumping, which leads to a high-power
consumption. This issue has been addressed by several researchers using efficient structures and signal with
optimal frequencies. Yang and Lin [13] presented a valveless thermopneumatic micropump that operates using
a vapor from a liquid that is stored in an evaporation chamber. Flow rate of 12.5 nL/min was achieved using 4
VPP heating signal, which generated temperatures below 50 °C. Yoo et al. [14] integrated thermopneumatic
micropump with paraffin-actuated microvalves on the same substrate to achieve a maximum flow rate of 2.0
pl/min using a 1 Hz signal with a power of 500 mW. Chia et al. [12] presented a thermopneumatic peristaltic
micropump with 3 chambers. A maximum flow rate of 20.01 pL/min was achieved using a 1.2 Hz with an
amplitude of 9 V that generated a temperature below 91.9 °C.

However, the applications of thermopneumatic micropumps in implantable medical devices are
limited, due to the limitation of mobility of these devices when using wires and conventional powering
methods. To date, the alternative solutions of this problem are using on-board batteries, magnets, biofuel cells,
or nuclear cells, which increase the size of these devices and limit their application range and operation
time [15]. Passively driven actuators can be used to solve the aforementioned drawbacks while offering a higher
biocompatibility and robustness, smaller size, and lower cost compared to actively driven actuators [16, 17].
Wireless actuators have been utilized in several passive microfluidic applications, such as implantable drug
delivery devices, and a microsyringe that is controlled by multiple shape-memory-alloy actuators [18]. This
paper presents an extended study of our previously reported wirelessly controlled passive thermopneumatic
micropump [19, 20]. Dynamic heat transfer, thermopneumatic actuation and pumping performances are
analyzed using finite element method.

2.  DESIGN AND WORKING PRINCIPLE

The device comprises a planar inductor—capacitor (LC) wireless heater, with a spiral inductor of 5
mm X 5 mm, and a capacitor of 5 mm x 2.5 mm. The heater is attached beneath an air-heating chamber with
similar dimensions to the wireless heater. The air chamber is connected to a 5 mm-diameter loading reservoir
using a 10° microdiffuser that rectifies the flow of the fluid. The reservoir is connected to a microchannel with
a length of 4 mm that ends an outlet hole with a diameter of 2.5 mm. The device pumps the liquid in a single
direction without requiring any mechanical moving membrane, which eliminates the leakage flow of the
diffuser. The microchannel layer is covered with a 2 mm-thick cover lid to decrease the deflection and possible
air outflow from the air heating chamber to the surrounding. Figure 1 illustrates the construction design of the
developed micropump.

Pumping in the developed micropump is accomplished through the heat transferred from the planar
LC wireless heater (Figure 1, which serves as a frequency-dependent actuator). The passive resonant circuit is
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formed by connecting the parallel plate capacitor and the planar inductor in parallel, where the inductor has a
width of we, a separation gap of sc, and a parasitic capacitance of Cp,,., as illustrated in Figure 2.
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Figure 1. Schematic diagram of the Figure 2. (a) Sample layout of the LC circuit design
thermopneumatic micropump (not to scale) (b) equivalent circuit of the LC heater

When the magnetic field with a frequency (f,) is tweaked to the resonant frequency (fr) of the LC
circuit, the resonant circuit can be magnetically coupled to an external transmitting circuit. f, can be calculated
from the formula below [21]:

1

fr= e ey

The values of L and C depend on their shape, dimensions, and material. A simplified accurate model
for the planar spiral inductor based on the Wheeler model has been reported in [22] to facilitate the design of
planar coils. The L value of the square spiral coil as illustrated in Figure 2 is given by:

2
- ity g
2Pfr
where the layout dependent constants K; and K, are 2.34 and 2.75, respectively. The magnetivity of free space
(mo) 1s given as 0.4n uH/m, and » is the number of turns. The fill ratio (ps) is defined as (dou~din)/(doutdin), and
the average diameter da, is given by (doutdin)/2, where di, and d,.: are as define in Figure 2. Therefore, the
resistance (R) of the coil can be calculated as follows [23]:

R=2 3)

where p is the resistivity of the material, and / and A, are the length and cross-sectional area of the coil. The
value of C is determined by the area of the parallel plates (A4p;), the separation gap (dc), and the dielectric
constant of the dielectric material (&) between the plates of the capacitor. In addition, the parasitic capacitance
of the coil is taken into account when calculating the total capacitance. This capacitance can be determined
using the following formula [24]:

C=¢ % +(09+01x¢.) j—c [4(dyyt —wen)(n — 1) —4sen(n + 1)] )]
C C

The first part of (4) represents the capacitance of the parallel plates, and the second part represents the
parasitic capacitance of the coil, where gy is the vacuum permittivity. In this work, a single-sided copper-clad
polyimide film with dc of 50 pm and &, of 3.4 was used to as a material for the LC circuit. Thus, from
Figure 2 and (1 — 4), it can be determined that the 9-turns planar coil has a theoretical L of ~231 nH and R of
~3 Q, while the value of C is 7.81 pF and f; of the circuit is ~118.53 MHz.

When exposed to an external radio frequency magnetic field (generated from the external coil) that
matches its f; [26], the LC wireless heater generates Joule heat. The power, P, consumed in the circuit of the
LC can be expressed by the following equation [25]:
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P©) = s ®

R+j(wL-1/wC)]?

where w is the angular frequency of the AC current and v is the electromotive force. When the field frequency
is tuned to the resonant frequency of the circuit, the power transferred to the circuit is maximized. The reactance
is eliminated under this condition, so that the maximum power transferred to the LC circuit is expressed as:

P(F) =2 ©)

Therefore, in the LC circuit, the produced Joule heat reaches the maximum value at f of the LC circuit
while maintaining the magnetic field intensity. The steady state temperature, 7ss, can be expressed as [26]:

_ Rrv?/R
1+agRTv2/R

Tss 0

where ax is the temperature coefficient of the resistance of the circuit, and Ry is the thermal resistance to the
surroundings, respectively. The generated heat is transferred through the PDMS layer below the chamber from
the LC circuit to the air-heating chamber. The rate of change in temperature is related to the conduction of
energy, Q via the PDMS layer. This can be expressed by Fourier’s equation, as follows:

_ kAppmsAT
Q = “epustr ®)

where Appus is the surface contact area between the LC heater and the corresponding air-heating chamber, & is
the thermal conductivity of the PDMS, and Axy and AT represent the thickness of the PDMS layer and the
temperature variance across it, respectively. From (8) states clearly that by decreasing the thickness of the
PDMS layer, the rate of conductive heat transfer can be maximized. A thinner layer, however, is more
susceptible to deformation, reducing the pressure inside the air chamber. The LC heater is about three orders
of magnitude higher than PDMS in this research [27], which makes it stiff and significantly decreases the
bending of the bottom walls of the air chamber. When the heat is transferred to its walls, the air temperature
inside the chamber increases, causing the volume of air to increase on the basis of Charles' law. This law states
that when the pressure (p) and number of moles are kept constant, the volume (V) of an ideal air is directly
proportional to its absolute temperature. When the temperature increases to 71, the volume of air (Vp) in the
chamber at room temperature (7p) increases to volume () based to the following equation [28]:

AV = %T ©)
To

where AV= V-V, and AT= T;-T. This formula can be further expressed by the ideal gas equation that describes
the relationship between p, V, and the absolute temperature, 7, of the gas:

pV = NkyT (10)

The number of air molecules in the air chamber is represented by N, while kg is the Boltzmann
constant. Since there is a constant number of air molecules inside the air chamber, then it is possible to use (9)
to express the relationship between AT and AV. The change in air volume can therefore be determined by the
chamber temperature elevation. Before the heating operation, the liquid loading hole was sealed with silicone
adhesive to prevent the liquid from leaking through the hole. It should be noted that in the pumping process,
the thermal power supplied to the air chamber, E, is not fully used. The conservation of energy during the
device operation requires that:

E = haiwAT + Cy 52 (AT) + (po + Ap)AV (11)
where Cy, hair, and Ap are the effective heat capacity of the air chamber, the effective heat transfer coefficient
of the walls of the air-heating chamber to the surroundings, and the change in pressure inside the air-heating
chamber, respectively [29]. The power transferred to the air-heating chamber is divided into three parts, as
shown in (11). The first part represents the dissipated heat to the surroundings, the second part represents the
heat stored in the air-heating chamber, and the last part represents the heat that is transformed into a mechanical
power. This power causes a deformation in the walls of the air-heating chamber with an amplitude, s, which
can be presented as [30]:
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s o ATV, (12)

Due to the thickness of the side walls of the air-heating chamber, only the top and bottom walls are
subjected to deformation. In addition, due to of its rigid material in comparison with PDMS, the attached LC
heater significantly reduces the deformation. The deformation can thus be approximated as of the top wall of
the chamber:

_ 34V 3VoAT

s ~
Aw AwTo

(13)

where Ay is the area of the top wall of the chamber. The deformation is greatly decreased in this work by
increasing the thickness of the top wall of the air-heating chamber to 2 mm. Thus, most of the mechanical
boundary power part in (7) is applied to the inlet of the microdiffuser element, which significantly reduces the
loss in thermal power transferred to the air-heating chamber.

3. FINITE ELEMENT ANALYSIS

In this work, COMSOL Multiphysics® was used to perform the numerical simulation of a three-
dimensional (3D) model of the developed device. In the simulation process, heat transfer, solid mechanics, and
laminar flow physics were used. It was assumed that the initial air temperature was 23 °C without thermal
losses to the environment. The heater temperature was selected on the basis of previously carried out
experimental results in [31]. To guarantee the independency of the results of the analysis, a mesh sensitivity
test with dfferent mesh densities was carried out. An advanced GMRES with multi-level multi-discretization
solver was used to minimize the numerical error that arises from the discretization of the Navier—Stokes
equation, which was solved based on the following equation [32, 33]:

p [2—1: + (u. V)u] = —Vp + uV?u (14)

where u and p are the fluid velocity and density, respectively. The fluid dynamic viscosity and density were set
to 107 m%s and 999.8 kg/m?, respectively. Thus, ¢ can be expressed as [34]:

_ ApAcr?

q=——"— (15)

8urlc

where 7 is the diagonal length of the microchannel, 4¢ is the cross-sectional area of the microchannel, and /¢
is the length of the microchannel. The fluid dynamics in the microscale are characterized by a dimensionless
parameter, Reynolds number (Re), which is defined as [35]:

R =puDh 16
e==r2 (16)

where D, is the hydraulic diameter of the microchannel. The simulation results are further presented and
discussed in the following section.

4. RESULTS AND DISCUSSION

This section presents the numerical simulation results of the thermal behavior of the wireless
thermopneumatic micropump. COMSOL Multiphysics® is used to perform finite element analysis of the heat
distribution profile across the thermopneumatic micropump. The heater was activated with a power of 60 mW
for 50 s until its temperature reached 50 °C and then deactivated for 190 s until its temperature reached room
temperature (23 °C) to investigate the heat transfer and thermal expansion behaviors.

Figure 3 shows the temperature distribution profile of the 3D dimensional model of the micropump
after activating the heater for 50 s. It can be noted from the figure that the fluid temperature inside the reservoir
and microchannels is not affected by the heater temperature. This is an important aspect in biomedical devices
that handle fluids that are sensitive to temperature changes. Furthermore, the thermal conduction behavior of
the heater and the PDMS bottom wall of the air-heating chamber is investigated, as illustrated in Figure 4.
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Figure 3. Simulation results. (a) 3D model of the micropump showing the temperature distribution profile of
the device. (b) Temperature distribution profile along the bottom and microchannels layers of the device
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Figure 4. Dynamic heat transfer of the LC heater and the chamber

It can be seen that the heater temperature is increased to a steady state value of ~50 °C in ~40s, while
the air chamber temperature required 170 s to reach a steady state of 42.5 °C. The conductive heat transfer,
calculated from (8), reached a maximum value of 72.67 mW after approximately 30 s. The rate of conductive
heat transfer gradually decreased beyond that point until it reached ~33.75 mW. Due to the temperature
generated in the heater, which is transferred to the bottom wall of the air chamber, the air temperature inside
the air chamber is increased.

Figure 5(a) clearly demonstrates the aforementioned behavior, which shows that the air chamber
temperature is directly affected by the heater temperature. The air chamber temperature reached a maximum
value of 42.5 °C after activating the heater for 50 s. Therefore, as the air temperature increased, a maximum
deformation of ~50 pm was generated on the top surface of the air chamber. After deactivating the heater, the
deformation gradually decreased as the air chamber temperature was equal to the room temperature until it
reached its initial condition. In addition, 2 pumping strokes were used to investigate the pumping performance
of the micropump, as shown in Figure 5(b). From the figure, to achieve each pumping stroke, it can be seen
that the air chamber temperature was controlled by activating and deactivating the heater for 50 s each time.
After 50 and 150 s, a maximum flow rate of 2.86 uL/min was observed at each point when the air chamber
temperature in both cases was at its maximum 42.5 °C. Furthermore, the figure clearly shows that the flow rate
is directly affected by the air-heating chamber temperature and consequently by the wireless LC heater
temperature. In addition, it is worth mentioning that the micropump achieved a maximum pumping pressure
0f 406.5 Pa, demonstrating an appropriate performance for different biomedical applications.
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Figure 5. Temporal response of the (a) temperature of the heater and air chamber, and resultant
deformation. (b) Pumping performance using 2 strokes

5. CONCLUSION

This paper presented a thermopneumatic micropump modeling and finite element analysis. Using an
external magnetic field, the micropump was operated wirelessly to activate a passive wireless LC heater
responsible for heating an air heating chamber. The performance of the micropump was investigated using a
finite-element method over a low range of Re < 10, which is suitable for biomedical applications. The operation
of the device was investigated using single and double strokes, showing promising performance results with a
maximum pumping pressure and flow rate of 406.5 Pa and 2.86 pL/min and respectively. The results showed
that the micropump could potentially be implemented in different biomedical applications that require
maintaining a stable temperature of the pumped solutions.
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