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Abstract: This paper presents the design and simulation of an improved electro-thermal
micromachined pump for drug delivery applications. Thermal actuators, which are a type of
Micro Electro Mechanical system (MEMS) device, are highly useful because of their ability
to deliver with great force and displacement. Thus, our structure is based on a thermal actuator
that exploits the Joule heating effect and has been improved using the springy length properties
of MEMS chevron beams. The Joule heating effect results in a difference in temperature and
therefore displacement in the beams (actuators). Simulation results show that a maximum
force of 4.4 mN and a maximum flow rate of 16 pL/min can be obtained by applying an AC
voltage as low as 8 V at different frequencies ranging from 1 to 32 Hz. The maximum
temperature was a problem at the chevron beams and the center shaft. Thus, to locally
increase the temperature of the chevron beams alone and not that of the pumping diaphragm:
(1) The air gaps 2 um underneath and above the device layer were optimized for heat transfer.
(2) Release holes and providing fins were created at the center shaft and actuator,
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respectively, to decrease the temperature by approximately 10 °C. (3) We inserted and used
a polymer tube to serve as an insulator and eliminate leakage problems in the fluidic channel.

Keywords: MEMS micropump; electro thermal actuator; joule heating; pumping force;
flow rate

1. Introduction

Currently, the effect of most drugs in the body is considered to be a very important problem. At high
concentrations, drugs are toxic, and at low concentrations, they have no therapeutic benefit [1]. With
respect to drug sensitivity, the rate of drug delivery cannot be carefully controlled using the conventional
injection and oral tablet methods. Thus, problems, such as toxicity or inefficacy, occur; additionally,
frequent drug administration and repeated therapy require significant amounts of time and cause patient
frustration. Therefore, to more precisely control drug delivery and address the aforementioned problems,
a drug delivery system (DDS) is needed. Moreover, with the help of an implantable DDS, the injection
pain associated with frequent injections can be relieved, and the risk of contamination or infection
associated with the conventional injection method can be avoided [2].

Micro Electro Mechanical System (MEMS) micropumps are the essential components of drug
delivery systems (DDS). These micropumps provide the actuation mechanism required to deliver
specific volumes of therapeutic agents/drugs from a reservoir. The requirements of a DDS include small
size, high reliability, and a minimum flow rate on the order of approximately 10 pL per minute or more.
Pioneering work on micropumps started in the 1970s, and developments based on microfabrication
technology were initiated in the 1980s. The MEMS-based micropump was developed in the 1990s.
Typically, a micropump consists of the following components: a diaphragm membrane, a chamber, an
actuator, microchannels, microvalves, an inlet, and an outlet. Technically, micropumps are categorized
into two types: mechanical and non-mechanical. The mechanical type requires a physical actuator or
mechanism to perform the pumping function. In contrast, non-mechanical pumps must transform certain
available non-mechanical energy into kinetic energy, which is an inferior mode of operation relative to
that of mechanical micropumps. The most popular mechanical micropumps applied in MEMS are
piezoelectric, electrostatic, thermopneumatic, electromagnetic, bimetallic, ion conductive polymer film
(ICPF), phase change and shape memory alloy (SMA) micropumps [3,4].

Based on the demand for microfluidic systems used in biomedical and chemical analysis applications,
the key constraining factors for micro-dosing/drug delivery are a suitable and safe input voltage, high
performance, high flow rate, and simple fabrication structure. Each of the aforementioned types of
micropumps possesses unique advantages and disadvantages: (a) Although Piezoelectric (PZT)
micropumps exhibit high performance, they require a high input voltage. (b) SMA and thermopneumatic
micropumps have a low input voltage, but their response time is long [5]. (¢) The advantage of an
electrostatic micropump is that it can simultaneously mix a variety of doses and then convey the final
fluid into micro channels. However, the major shortcomings of electrostatic micropumps are their
structural complexity and the high applied voltage required [6]. (d) Electromagnetic micropumps require
low voltage, but an external source is needed for actuation, which thus leads to high power consumption
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and heat dissipation. (¢) Compared to that required by other types of micropumps, the voltage required
by bimetallic micropumps is relatively low; however, in addition to their complex structure, these
micropumps are not suitable for operation at high frequencies (0.5 Hz) [4]. (f) Ion conductive polymer
film (ICPF) micropumps offer quite a few advantages, such as low driving voltage and biocompatibility.
In addition, these pumps can operate in aqueous environments. The major shortcoming of ICPF
micropumps is their weak reproducibility in batch fabrication and their low-frequency (2 Hz) operation [5].

In this paper, the mathematical theory and the design and simulation of electro-thermal micropumps
are presented. Compared to previous studies on these types of micropumps, this work is based on a new
strategy in which further advantages, such as low die area, high flow rate and force, low applied voltage
and structural simplicity, are incorporated. In contrast to traditional micropump designs, which use an
out-of-plane pumping diaphragm, our work consists in using an in-plane pump, designed using IntelliSuite
software (IntelliSuite, Woburn, MA, USA), with actuators, chevron spring beams, diaphragms, and
input/output fluidic valves.

The main idea of the electro-thermal actuator used for the micropump developed in this study is based
on the springy property in the chevron beams. In addition, we also etched release holes in the center shaft
and used providing fins in the back of the diaphragm for cooling and preventing changes in fluid properties.

The proposed structure was designed using a 500 um thick silicon on insulator (SOI) wafer. The
substrate consisted of a 100 um thick device layer, 2 pm thick insulator layer and an approximately
398 um thick handle layer, which could be fabricated as a single layer. Because of the simplicity of the
fabrication process, this structure will reduce costs related to fabrication and the overall dimensions of
the device. The novel structure of our design and the simulation results obtained for the design show
good biocompatibility with the requirements for drug delivery. Thus, this structure can be fabricated by
deep reactive ion etching (DRIE) on a silicon-on-insulator (SOI) wafer.

2. A Novel Electro-Thermal Micropump: Design

According to Figure 1a, the structure of our in-plane micropump consists of three layers: a 100 um
thick device layer, a 2 pm thick insulator layer and a 398 um thick handle layer, yielding a structure
measuring 500 um in total thickness on a SOI wafer; the structure was designed using IntelliSuite
software. For the thermal actuator to function as a micropump, a 500 pum thick Pyrex glass layer was
anodically bonded to the SOI device. Prior to bonding, eight holes were drilled through the Pyrex layer.
Four holes were used for electrical connections, whereas the remaining four served as ports for fluidic
interconnects. Similar to the 2 pum gap underneath the device, a 2 um gap is also maintained above the
device. This structure facilitated the motion of the chevron beams and also eliminated the anodic bonding
of the chevron beams to the Pyrex layer. To avoid leakage through the 2 pm air gap, a Parylene polymer
tube was inserted between the leakage paths, as will be discussed in Section 3.4.

The detailed design is illustrated in Figure 1b. The main components of the device layer were two
contact pads (in each die half) for electric contact; V-shaped chevron beams, which acted as springs and
were in contact with the pads; and a central shaft, which was connected to the diaphragm and amplified the
displacement of the actuator. Six chevron beams were placed on either side of the center shaft. With a
direct distance of 1200 um, the beams were designed to measure 1500 pm in length and a cross-sectional
area of 10 um x 100 pm and a rib angle of 2.2° based on detailed optimization studies [7]. The pump



Micromachines 2014, 5 1326

diaphragm was 750 um long, 100 pum thick, and 50 um wide. The design also featured a 2000 um long,
100 um wide, and 100 pm deep fluidic channel along with an inlet/outlet channel valves arrangement
for flow rectification.

The operating principle of our micropump is shown in Figure 1c,d. When a differential voltage is
applied at the pads, the narrower section of the pump structure (chevron beams measuring 10 pm wide)
develops a higher resistance to current than the other structures (voltage pads) do. As a result, the power
(square of the current times the resistance of the beams) is dissipated in the narrower section, causing it
to expand due to induced thermal strain (Joule heating). When heated, the center shaft can only move
along its length because the device is symmetrical in nature and the beams are constrained at the ends.
This motion of the shaft is further transferred to the pump diaphragm through the lever mechanism. The
reciprocating (pumping) motion of the pump diaphragm is obtained by applying an AC voltage with
amplitude of 8 V and a frequency of 1-32 Hz to the pads. The inlet/outlet arrangement is used to obtain
unidirectional flow. Thus, for half of the cycle, the fluid is siphoned through the inlet channel and then
pumped through the exit channel in the other half of the cycle.

Figure 1. (a) Schematic of proposed micropump dies (overall shape) and (b) detailed design.
(¢) Operating principle of the proposed micropump with fluid suction through the inlet
channel in one half of the AC voltage cycle and (d) fluid pumping through the exit channel
in another half of the cycle.
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3. A Novel Electro-Thermal Micropump: Analysis

Understanding the thermal behavior of the device layer of the system developed is very important.
Thus, in this section, we will concentrate on the Joule heating phenomenon on underlying the operating
principle of the proposed micropump. The delivery of a drug via the pump depends on the temperature
of the chevron beams. For this reason, once the temperature of the beam is known, the displacement and
the actuation force of the pump diaphragm can be determined, and then, the flow rate can be estimated.
In Sections 3.1, 3.2, 3.3 and 3.4, we will calculate, analyze and discuss the simulation results of the
thermal behavior of one beam, the actuation force of the diaphragm, the flow rate of the pump and fluidic
flow leakage, respectively. Differential equation solutions and simulations were performed using
IntelliSuite and MATLAB software.

3.1. Thermal Analysis

In this section, a beam (Figure 2) is analyzed in terms of its electro-thermal properties. In this single
beam, when the temperature is different between the ambient temperature and the inside of the beam,
the change in the length of the beam can be given by [8,9]:

AL = ajOL a(T)T(x)dx (1)

where a(7) is the thermal expansion coefficient and is constant for various temperatures. This equation
can be simplified as follows:

L

0

ALza'[ T(x)dx 2

Figure 2. Conventional single beam with length 2L connected to pads with ambient temperature 7's.

By applying a voltage across the beam, the electrical energy, as a function of current / and resistance
R, is converted to thermal energy, which induces thermal expansion:

E

thermal

=I'R 3)

Before determining the change in the beam and the force generated (in the next section), we should
consider the temperature distribution within the beam using the following equation:

d°’T

2
X

kr

+J%p=0 (4)

where kr, J and p are the thermal conductivity, current density and resistivity of the beam, respectively.
Both resistivity p and thermal conductivity kr change with temperature. Assuming kr is a constant and
the resistivity of the beam changes linearly as the temperature varies, kr is assumed to be equal to the
thermal conductivity at room temperature, and:
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p=poll+A(T~T)] (5)
where po is the resistivity at 7s (ambient or surrounding temperature) and A is the linear temperature
coefficient. Equation (5) can be written as follows:

d’T
kTW_'_JZpO [1+)\,(T—TS)]:O (6)

The solution to this differential equation is a combination of a homogeneous term and a non-homogenous
constant. According to Figure 2 and using the initial conditions 7(x = 0 and x = 2L) = T, the final solution

to Equation (6) with T = | ’% can be obtained as follows:
T

()= Tl(l(l—))Jiu o

A k(e—rzL _ ™ A (e—rZL _eTZL)

T =57 [T (x)dx ®)

Thus, by substituting Equation (7) into Equation (8), the average temperature can be obtained
as follows:

avg
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As previously mentioned and according to Figure 3, in our integrated structure, there are six spring
chevron beams on either side of the center shaft. With a direct distance of 1200 um, the beams measure
1500 um in length with a cross-sectional area of 10 um x 100 um and a rib angle of 2.2°. The properties
of the silicon substrate and the details of the micropump structure are summarized in Table 1.

Figure 3. Six spring chevron beams measuring 1500 pm in length with a cross-sectional area
of 10 pm % 100 pm and a rib angle of 2.2°.

Table 1. Material properties of silicon wafer and detailed design of proposed structure.

Length of  Applied Current Resistivity Linear temperature Thermal conductivity Ambient t Apo
beams /=2L voltage V' density J Po coefficient [10] A [11-13] kr temperature 7§ kr

1500 pm 8V 5.1 x 103 A/cm? 0.01 ohm-cm 1.25 x 107* /°C 1.57 W/cm-°C 27 °C 4.5cm™
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According to Ohm’s law and the relations /=J A4, R = pl/A and J = I/A = V/pl, and based on the details
presented in Table 1, solving Equations (7) and (9) in MATLAB yields the following maximum and
average temperatures 7mar and Tavg, respectively:

Toax = T(x = L) = 477 °C and Tug = 328 °C (10)

We used the IntelliSuite software program to analyze the static and dynamic behaviors of the
proposed structure and visualize the results.

(1) In the static analysis, the structure (half die) was analyzed using the IntelliSuite software program.
On the voltage pads, constant temperature (27 °C) boundary conditions were defined. The voltage on
one of the pads was fixed at 0 V, whereas on the other pad, a voltage of 8 V was applied. This structure was
designed using Intellimask (IntelliSuite, Woburn, MA, USA) and 3D Builder modules and later imported
into the thermo-electro-mechanical module. Appropriate materials properties were defined, and the structure
was then meshed with a maximum mesh size of 40 um to generate approximately 18,604 elements.

The simulation results presented in Figure 4 show the maximum temperature attained in this case.
A rise in the temperature of the device above the ambient temperature is a result of Joule heating
occurring in the chevron beams. As previously mentioned, when a differential voltage is applied to the
pads, the narrower section of the pump structure (chevron beams measuring 10 um wide) develops a
higher resistance to current than the rest of the structure (voltage pads).

Figure 4. Geometry and boundary conditions of the proposed structure with simulation
results obtained for temperature distribution (for half device only).
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As a result, the power (square of the current times the resistance of the beams) is dissipated in the
narrower section, causing it to expand due to induced thermal strain (Joule heating). Because all the
beams are identical, the resistance through the beams will be the same, resulting in uniform heating;
furthermore, because symmetrical temperature boundary conditions exist, a uniform temperature
distribution is also created. Therefore, the maximum temperature is obtained in the center shaft and is
equal to 475.5 °C, which is similar to the result, obtained using Equation (10).

Specifically, the maximum temperature was noted at the intersection of the chevron beams and the
center shaft. Therefore, the pump cannot be used for its intended application in its present form. The
potency and stability of medical drugs are known to degrade at such high temperatures, which might
create a problem by changing the sensitive fluid properties in the micropump flow path.
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To solve this problem, we proposed certain design modifications to reduce the heat flow and
temperature distribution at the flow path while maintaining the high temperature at the /" beams to create
greater displacement:

1. One of the viable options is to optimize the air gap underneath and above the device, which would
help locally increase the temperature of the chevron beams alone and not that of the pumping
diaphragm (that is in contact with the pumping fluid). Thus, in ongoing research, the air gap plays
a crucial role in determining the temperature of the chevron beams. From the chevron beams,
heat is initially conducted to the air gap (2 pm) underneath and (2 pm) above the device and then
to the handle layer and top plate layer. According to Figure 5a, the boundary conditions on the
voltage pads are similar to those shown in Figure 4. In addition, the boundary condition of heat
convection was defined on the bottom and top of the device layer. The structure was meshed with
a maximum mesh size of 40 um to generate approximately 18,604 elements. The simulation
results presented in Figure 5a,b illustrate a maximum temperature of 375 °C at the center shaft,
an average temperature of 260 °C and a temperature of 180 °C at the pump diaphragm for the
same input voltage used to generate the results shown in Figure 4.

2. We developed another design by providing fins and release holes in the back of the diaphragm
and center shaft, respectively (Figure 5b). The addition of fins and etching holes throughout the
central rod provide a significant reduction in temperature. This design reduces the temperature
of the center shaft and pump diaphragm by approximately 10 °C.

3. Although the temperatures obtained in the previous section (i) are still higher than the sustainable
limits of medical drugs, the temperature at the contact point (i.e., at the diaphragm) is slightly
above the ambient temperature.

Inserting a polymer tube (as an insulator) not only solves the high-temperature problem at the contact
of the pump diaphragm but also allows for a higher temperature at the center shaft and thus greater
displacement. A biocompatible polymer (such as Parylene) was used as a tube material because it can
be conformably deposited and patterned [14,15]. Thus, we can use a Parylene tube as an insulating
thermoplastic coating on the diaphragm, which prevents heat transfer to the fluid flow and transfers the
force and motion of the thermal actuators to the fluid. (The fabrication details of the Parylene tube and
the added benefit of eliminating leakage problems will be described in Section 3.1). As previously
mentioned, the temperature at the pump diaphragm was significantly reduced to 180 °C, which is below
the melting temperature of Parylene (290 °C).

(2) In the dynamic analysis, we analyzed the operation of the structure at different frequencies of the
applied input voltage. In this case, we used the thermo-electro-mechanical module to visualize the
simulation results obtained for a temperature variation in the center shaft and its dynamic behavior as a
function of different applied frequencies. As shown in Figure 5c¢, we applied a reference temperature of
180 °C to the pump diaphragm (obtained in Figure 5a) instead of convective boundary conditions.
Moreover, we applied an AC voltage with an amplitude of 8 V and different frequencies in the range of
1-400 Hz.

According to Figures 6 and 7, the simulation results show that in the frequency range of 1-32 Hz, the
maximum temperature of the center shaft is constant at a value of approximately ~375 °C, determined
with an accuracy of 99% (~5 °C error), whereas in the other frequency ranges, the waveforms are destroyed.
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According to Table 2, the temperature is not constant and will decrease. Thus, in this study, the frequency
range 1-32 Hz is considered acceptable.

In contrast to conventional electro-thermal actuator designs, which require higher voltages and
introduce higher temperatures, our structure is simpler and uses a lower voltage (8 V) over suitable
frequencies. The design also keeps the diaphragm cool to avoid heat flow and to prevent any changes in

fluid properties [9,16].

Figure 5. Temperature distribution (7max of center shaft is 375 °C, average temperature is
260 °C and pump diaphragm temperature is 180 °C) of modified structure with (a) boundary
conditions of heat convection and (b) fins added to the back of the diaphragm and holes
etched in the center shaft. (¢) Applying AC voltage to the proposed structure to demonstrate

dynamic behavior.
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Figure 6. Dynamic behavior of the structure shown in Figure S5c: (a) Input voltage
applied with a frequency of /= 1 Hz. (b) Temperature variation in the center shaft (max

Temperature = 375 °C).
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Figure 7. Temperature variation of the center shaft shown in Figure 5c: (a) Max Temperature =
373 °C with f= 20 Hz. (b) Max Temperature = 370 °C with /=32 Hz. (¢) Max Temperature =
351 °C with f= 50 Hz. (d) Max Temperature = 326 °C with /= 100 Hz. (e¢) Max Temperature =
295 °C with /=200 Hz.
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Table 2. Temperature variation of the center shaft versus frequency of applied voltage.

Frequency (Hz) 1 5 10 20 32 50 100 200 300 400
Temperature (°C) 375 375 375 373 370 351 326 295 269 250

3.2. Pumping Force Analysis

To determine the flow rate of the micropump, it is necessary to estimate the pumping force. When a
voltage is applied to the pads, the chevron beams will expand due to Joule heating, which will move the

diaphragm and exert a force on the fluid. The maximum force is given by [17],
F=A4c (11)

where F'is the force at the actuator, A4 is the cross-sectional area of the beam and o is the coefficient of thermal

expansion. Because the strain € is given by &(x) = a7{(x) and the axial stress ¢ with Young’s modulus E is

given by ¢ = E¢, using Equations (2) and (8), the force developed by the actuator with beam springy length
[=2L is given by,

F=Ac=AEe=AFEaTuyg [ (12)

According to Figure 8a, to obtain a more accurate calculation and because the beam is designed with

a rib angle of 2.2°, it is necessary to analyze the force obtained to balance all forces. At points 1 and 3,
the resultant force is absorbed by the fixed pad wall. Along the x direction of node 2,

ZFx=%cose+(—%cose)=0 (13)
and along the y direction,

XE = %sin9+%sin9 = F;sin 6 (14)
For N chevron beams, the total force is:

Fiora1 = NFsin 0 (15)

Figure 8. (a) Diagram of forces acting on a chevron beam (V' form). (b) Simulation results
of obtained displacement (9.6 um) of pump diaphragm.

(a) (b)

According to Figure 5a (Tavg = 260 °C) and using Equation (12) with 6 = 2.20, L = 750 um and data
listed in Table 3, we obtained the following value,

Fi=19.1'mN (16)
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and the total force in the y direction for 6 beams will be,
Fiotar = NFrsin 0 =6 x 19.1 x sin(2.2°) (17)

In addition, Figure 8b shows that the resulting displacement of the pump diaphragm is approximately
9.6 um.

In contrast to the design described in a previous study [16], our structure with a beam springy length
L =750 um uses a lower voltage of 8 V. The obtained force is also several times higher than that obtained in
comb drive structures [18,19].

Table 3. Material properties of silicon in the chevron beams.

Cross sectional of Young’s Modulus Coefficient of thermal number of chevron
beams A E expansion o beams NV
1x107° cm’ 169 x 10° N/em® 29x10°K™ 6

3.3. Flow Rate Analysis

To estimate the flow rate of a pump with a nozzle/diffuser arrangement, the pressure loss through the
nozzle/diffuser must be determined. The pressure loss depends on the inlet area of the nozzle and the
exit area of the nozzle. However, we can still estimate the maximum flow rate (for the corresponding
force) by replacing the nozzle/diffuser arrangement with check valves. For opening and closing the inlet
and outlet of the fluid channel, we proposed and used check valves with a spring mode structure. Cheng
and Tseng designed check valves using a spring design called the compliant orthoplanar spring [20].
Each check valve consisted of a 1 mm circular plate suspended on four bridge springs. Similarly, as
shown in Figure 9a, our structure has a 100 um % 100 um movable area and is fixed and connected via
a spring beam to the channel chassis (one bridge).

The simulation results show that a pressure of 0.1 MPa with a 1 mN pumping force (according to the
pressure equation P = F/A) is needed to open/close the fluid channel to displace the check valve by
approximately 31.7 pm.

Figure 9. (a) Geometry of proposed check valve. (b) Simulation result showing 31.7 um
displacement with an applied 1 mN pumping force.
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To estimate the flow rate of the pump based on the obtained force of 3.4 mN (calculated by subtracting
1 mN force dissipation from 4.4 mN total force), the pump system can be modeled as a piston moving
in a cylindrical vessel with a pipe attached to the bottom (Figure 10). The previously described
micropump (Figure 1) essentially consisted of a diaphragm and a nozzle/diffuser arrangement. For the
device to operate as a pump, an AC voltage with frequency of 1-32 Hz is applied to the pads. For half
of the cycle, the diaphragm deflects and pumps the fluid through the exit channel. For the other half of
the cycle, the diaphragm returns to its initial position, during which fluid is siphoned through the inlet
channel. Thus, the diaphragm exerts a periodic force F on the fluid.

Figure 10. Piston-cylinder model of micropump with inlet/outlet.
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as a Piston Back pressure of

D —
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According to Figure 10, the piston moves through the cylinder, which has the same volume as the
pump chamber. A damping factor was introduced to make the system critically damped, thereby
removing oscillations in the system. Thus, by introducing the damping term and creating a lumped
parameter model of the system, the force balance equation of the model is,

mx + bx + kx + p1A, =F (18)

where x is the displacement of the piston, b is the damping factor (2Vkm ) required to remove oscillations
in the system, m is the mass of the piston, k is the spring constant, pi is the pressure below the piston, A1
is the cross-sectional area of the piston, and F is the force acting on the piston. To determine the final
differential equation, we use the Bernoulli and Darcy-Weisbach equations (for a liquid such as insulin) [21]:

.2 -2
P2+mTy=P1+plTx (19)
1 . .
Ap = Avg% X y? = kyy? (20)

where y is the outlet flow velocity, p; is the density of the liquid, A, is the pipe friction coefficient, D is
the diameter and p2 is the outlet pressure. The outlet pressure should be able to overcome the pressure
drop across the catheter (Ap) and the back pressure (p»):

p2 =Ap +pp 21
The resulting dynamic Equation (18) for the micropump takes the form of a nonlinear lumped model
approximation of an ordinary differential equation (ODE):

2 -2
m5&+bx+kx+(pb+k2y2+%—%)A1=F (22)
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Using a volumetric equation (A;x = A,Y), the final differential equation will be,
mi + b + kx + [py + (ky (222 + 2 (22 _ By 5 3214, = F (23)
Ay 2 M, 2
Flow rate = A;x (24)

Equation (23) is the governing equation for the exit and inlet channels of the pump. Table 4
summarizes the nomenclatures and the values for the terms in Equation (23). This equation states the
correlation between the fluid displaced by the pump and different parameters such as the geometry of
the pump, mass of the diaphragm, applied force, stiffness & (calculated as a ratio of the force to the
displacement), and frequency of the applied force (Table 4).

Table 4. Nomenclature of value parameters used in Equation (23) for solving with
MATLAB software.

Density of  Mass of Stiffness of Back Density of fluid Area of Area of Force of
silicon d Diaphragm m diaphragm k pressure p,  (insulin) p; piston 41 outlet 42  actuator F
2.3 g/lem? 8.6 ug 354 N/m 8 mm hg 1 g/em? 750 x 100 um? 100 x 100 pm?> 3.4 mN

The obtained differential Equation (23) was evaluated and solved by numerical methods in MATLAB
(ode45) to determine the flow rate of a liquid given by Equation (24). By applying a sinusoidal voltage,
the value of the input force F takes the form Fsin(wt), where the term o is the angular frequency of the
input voltage.

As previously mentioned and according to the Table 2, a sinusoidal input voltage with an amplitude
of 8 V and maximum frequency of 32 Hz can be applied to our structure and can be used to solve
Equation (23).

Figure 11 shows the simulation results of the estimated flow rate of the micropump obtained using
Equation (24). With minimum and maximum frequencies of 0 and 32 Hz, respectively, the obtained flow
rate will be approximately ~0 and 8 pL/min for half of the proposed die structure. Because we have a
symmetrical structure, the maximum flow rate will be approximately 16 pL/min. Figure 12 shows the
simulation results obtained for various flow rates of the proposed micropump versus the applied
frequency. The figure suggests good performance and linearity up to 32 Hz.

Figure 11. (a) Flow rate obtained at ~0 ul/min with dynamic behavior and fs = 0 Hz.
(b) Flow rate obtained at ~8 pL/min (half die) with dynamic behavior and fs = 32 Hz.
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Figure 12. Flow rate (0—16 pL/min) versus applied frequency (0-32 Hz).
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This result is highly intuitive because the flow rate depends on the force, which in turn depends on
the average temperature of the chevron beams and, finally, the frequency of the sinusoidal input voltage.
The flow rate depicted in Figure 11b is the maximum delivery that can be achieved for the proposed
in-plane micropump with good linearity over the frequency range of 0-32 Hz (Figure 12). It is evident
that the obtained flow rate is high and can be linearly controlled with an applied frequency, in contrast
to designed described in previous studies [6,22].

3.4. Fluid Flow Leakage

As mentioned previously, to accommodate the motion of the moving parts in the pump layer (i.e.,
actuator, diaphragm, and check valves), a micron-sized gap was provided up and down the pump with a
glass plate and handle layer, respectively. This design gave rise to some performance issues related to
fluid leakage through this 2 um gap. The flow path of the fluid was from the inlet valve through the
pump chamber and towards the outlet through the outlet valve. The fluid was pressurized in the pump
chamber by the in-plane motion of the diaphragm. Thus, the majority of the fluid would move towards
the outlet valve, but due to the gap provided between the pump die and the top cover plate and bottom
handle layer, some fluid would also leak through this gap.

Thus, it had to be ensured that the fluid would avoid the electro-thermal actuator (its temperature of
180 °C) and the electrical connections to operate the pump. Reducing the size of the gap was not an
option because it would have stalled or limited the motion of the moving diaphragm due to friction. The
actual physical separation of the fluid from the pump structure was concluded to be the best option. This
separation could be achieved by enclosing the fluid in a type of flexible tube running between the
vibrating actuators [14,15]. Parylene was used as a suitable material for this type of tube structure. Due
to its physical properties and low Young’s modulus (3 GPa, which is approximately 60 times less than
that of silicon), Parylene exhibits excellent mechanical properties, i.e., high tensile and yield strength,
biocompatibility, ease of manufacturing and sufficient deformation under small loads.

A special technique for manufacturing enclosed Parylene microchannels was used in this study.
Parylene is deposited on a mold and on a flat surface. The molded Parylene is released from the mold
and bonded to the flat Parylene layer, forming a free-standing, tube-like structure.

According to the process suggested (in Figure 13), Parylene can be evaporated over a deep reactive-ion
etching (DRIE) silicon mold already deposited with a layer of nickel or oxidized silicon to form a layer
of silicon dioxide. This nickel or oxide layer is then etched away using the appropriate chemical agents.
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The reasons for using a polymer tube as a covering for the pump chamber are as follows:

1. The tube not only fits into the narrow, trench-like structure in between the silicon J-beam actuators
but also prevents contact between the fluid and the silicon actuators and prevents fluid leakage.

2. The tube serves as an insulating material that prevents the transmission of heat from the thermal
actuators to the enclosed fluid.

Figure 13. Process flow diagram for the lower portion of the Parylene microtube [15,23].
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4. Conclusions

The design and analysis of an improved in-plane electro-thermal micropump was presented. Our work
was generally based on a SOl MEMS structure featuring three layers: a device layer, an insulator layer
and a handle layer with a Pyrex top plate. The device layer consisted of two contact pads (in each half
die) for electrical contact; six V-shaped chevron beams (in each half die) in contact with the pads; a
central shaft, which was connected to the diaphragm and amplified the displacement of the actuator; and
a fluidic channel with a nozzle/diffuser and channel valves for flow rectification. In the proposed
structure, the thermal actuator operated by the Joule heating effect in the MEMS chevron beams. We
improved the structure of this actuator using the spring properties of the chevron beams to increase the
required force and flow rate. To prevent the sensitive properties of the fluid from being altered in the
fluidic channel with the increasing temperature of the diaphragm, (1) we created a 2 pm gap up and
down the device layer to transfer heat and reduce the temperature (to 180 °C). (2) We also etched release
holes in the center shafts and used providing fins in the actuator to cooling the device. (3) Medical drugs
cannot withstand the aforementioned high temperatures of the diaphragm; thus, we used a Parylene tube
as an insulating thermoplastic coating on the diaphragm. The tube not only prevents heat transfer to the
fluid flow and transfers the force and motion of the thermal actuators to the fluid but also eliminates
leakage problems. With these modifications, when a differential voltage of 8 V was applied to the pads,
the static (fs = 0 Hz) and dynamic (fs = 1-32 Hz) simulation results showed that with an average
temperature of 260 °C, the maximum pumping force and flow rate reached values of approximately
4.4 mN and 16 pL/min, respectively (Table 5). Our analysis also showed good compatibility between
the simulation and numerical results.

The distinctive features of our in-plane electro-thermal micropump are summarized as follows (Table 6):
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*  High force and low voltage compared to designs proposed in previous studies [16,24].
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* Lower temperature than actuated switches operating based on the Joule heating effect [25,26].

* Cooling system for reducing the temperature of the pump diaphragm to prevent changing the

fluid’s properties.

* A good insulator material, such as a Parylene tube, for eliminating heat transfer from the

diaphragm to the fluidic channel and preventing leakage problems.
*  Good linear relation between obtained flow rate and applied frequency of voltage.

*  With this linearity, we can obtain good control over the flow rate using frequency-divided circuits.

* Simple and affordable structure for fabrication.

* A die area smaller than that of previously reported designs [6,22,27].

Table 5. Features of the proposed micropump structure [28].

Descriptions Features
Structure type SOI (three layers)
Chip size 2000 pm % 2300 pm x 100 pm
Number of spring chevron beams 6

Length of chevron beams 1500 pm

Applied voltage 8V

Maximum operating frequency of applied sinusoidal voltage 1-32 Hz
Maximum temperature 375 °C

Average temperature 260 °C
Maximum Pumping force 4.4 mN
Maximum flow rate for total structure 16 pL/min

Table 6. Comparison of the proposed micropump structure with previous work.

Applied Status of structure  Flow rate
References Structure type Chip size Flow rate
voltage for fabrication Controllability
Karajgikar [16] SOI Not mentioned 1424V 3.73 mN 11.2 pL/min simple No
) Electrostatic ] )
Teymoori [6] 4 x7x 1 mm’ 18 V. Not mentioned 9.1 pL/min complex No
(two substrate)
Chandika [27] Piezoelectric ~48 x 8§ x 0.39 mm> 100 V - 7.1 mL/min complex No
. 0.05 cm®/s or
Kim [22] Tube-type 5x5x10mm* 2000V - ] complex Yes
3 mL/min
Proposed [28] SOI 2 %2.3 % 0.1 mm? 8V 4.4 mN 16 pL/min simple Yes
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