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ABSTRACT OF THE DISSERTATION 

 

Active Micromixing and In-Vivo Protection of Sensors with Gold/PolyPyrrole 

Actuators  

 

By 

Xavier Casadevall i Solvas 

Doctor of Philosophy in Chemical and Biochemical Engineering 

University of California, Irvine, 2009 

Professor Marc J. Madou, Chair. 

 

This thesis presents the work carried out in the fabrication of gold/polypyrrole 

(Au/PPy) polymer actuators for in-vivo sensor protection and active micromixing 

applications. These actuators are fabricated as thin bilayer structures, the bottom layer 

constructed in Au and the top one in PPy. When the PPy polymer is doped in a 

particular fashion and it is submerged inside a specific electrolytic solution, in 

application of an electronic bias to these systems PPy experiences changes in volume 

due to ion exchanges between the polymer matrix and the ionic solution. The 

alteration in volume of the PPy translates into stresses on the top surface of the 

volume-preserving subjacent Au layer, and these stresses induce a bending on the 

Au/PPy structure. 

These actuators are fabricated and analyzed in this work for use in two different 

applications. The first application aims at constructing reliably operating structures for 



 xiii

periods of several months, so that these devices can be used for long term in-vivo 

applications (such as implantable devices incorporating biosensors for uses such as 

constant glucose monitoring). The second application involves generating mixing in 

the microscale (volumes with characteristic sizes smaller than 1mm). 

We demonstrate in this work that Au/PPy actuators can be fabricated such that 

they remain active for extended periods of time under simulated in-vivo conditions, 

therefore providing an alternative solution to extend the operability of devices with 

current short term implantable life spans (such as biosensors). 

Aiming at testing these actuators as viable means for generating micromixing, 

several sets of devices were fabricated and tested under different conditions. These 

experiments provide proof that Au/PPy actuators can behave as efficient micromixing 

devices, an accomplishment that is made more relevant by the low power requirements 

of actuation needed and the possibility of mixing in confined, stagnant microvolumes 

of aqueous solutions. 
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1. INTRODUCTION 

Recent advances in microfabrication techniques have lead to many technological 

developments in areas of research such as chemistry (chemical and biochemical 

sensing applications), medicine, and biology (drug delivery, drug discovery, 

proteomics and genomics) [1,2]. 

The possibility to fabricate sensors, fluidic systems, power and heat sources (and 

other machinery) at a microscopic scale has led to the realization that many analytical 

and experimental techniques commonly used in the fields of chemistry, biology, and 

medicine could be miniaturized, and as a consequence made less expensive, faster, and 

having better resolution than some standard macro-scale technologies. 

This field of research, also known as “Lab-on-a-Chip” [3], is composed of many 

different research areas (micro-fluidics, MEMS, biomedicine), all of which need to be 

integrated for the success of any future new applied technologies. 

In this dissertation we present our efforts made in the area of micro-devices with 

the particular goal of fabricating and testing Au/PPy actuators for two different 

applications: in-vivo sensor protection and active micromixing. 
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2. BACKGROUND 

2.1 Au/PPy bilayer actuators 

Conducting, or conjugated, polymers (CPs) are distinguished by conjugation 

(alternating single and double bonds between carbon atoms) along the polymer 

backbone. This conjugation results in a band gap, which makes the polymers 

semiconducting: when electrons are removed from these polymers (as when a 

sufficiently positive potential is applied) the charge on the polymer backbone becomes 

delocalized (because of the π electron system, called conjugation, the charge is easily 

shared among the backbone carbon atoms). This makes the CPs electrically 

conductive, in a very similar way as when Silicon is p- or n- doped. 

When a CP submerged in an electrolytic solution becomes conductive, positively 

or negatively charged ions of opposite charge will be attracted to the CP matrix, so 

that electric neutrality in the medium is maintained. If the size of the attracted ions is 

smaller than the characteristic pore size of the CP, these ions will be able to penetrate 

into the CP’s matrix. This process is called doping, and it is exemplified for 

polypyrrole (PPy) in figure 1. 
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Figure 1: PPy backbone structure, before and after doping. 

The process of doping (ion inclusion in the CP matrix) is commonly 

accompanied with a change in the apparent volume on the CP, due to the intake of 

surrounding solvated ions into the polymer’s matrix. This process is precisely what 

makes CPs attractive as actuators: the ion inclusion/exclusion processes are, in some 

cases, accompanied by a relatively large increase/shrinkage (respectively) of the CP 

volume, up to a 3% for in-plane strains and to 30% for out-of-plane strains in the case 

of PPy [4]. 

CPs can initially be synthesized in either a neutral, or reduced, undoped state 

(without ion implantation) or a neutral doped state (with implantation of both, anions 

and cations). Depending on the initial type of doping and the size of the ions used in 

this process, different reactions will take place during oxidation and reduction of the 

CP. If, as in the case presented in reaction < 1 >, there is no initial doping and the size 

of the anions in the solution is small (like Cl-) so that they can easily and quickly 
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These actuators are commonly referred as flaps, because they move in a bending, 

“flapping”, fashion. This is so because the Au layer presents a constraint for the 

swelling/shrinkage of the PPy matrix. Since the volume of the Au layer is preserved, 

shrinkage of PPy, as when a positive bias is applied and Na+ ions are expelled from its 

matrix, creates a compressive stress on the surface of the Au layer that is in contact 

with the PPy. This stress is translated into a flexing strain, which makes the beam-like 

Au structure bend concavely. When the bias is released, the actuator recovers its 

straight initial position because PPy reincorporates the previously lost Na+ ions to 

satisfy electroneutrality. When the bias is inversed, the inclusion into the PPy matrix 

of extra Na+ ions present in the surrounding solution makes the PPy matrix swell, 

creating a tensile stress on the Au surface in contact with the PPy that makes the Au 

beam bend convexly. 

This motion is possible because of the relatively large strength of the forces 

related to PPy swelling and shrinkage (1000 greater than skeletal muscle) and the 

nature of the Au film (which, in addition of having a small Young’s modulus for a 

metal, it can be made very flexible if fabricated with very small thicknesses, usually in 

the order of tens or hundreds of nm). 

Fabrication, properties, and various applications envisioned for these actuators 

have extensively been studied and reported [4-7]. It is worth mentioning here that 

these flaps are biocompatible, can be actuated in body fluids (whole blood or plasma, 

urine, etc.) at low voltages (usually around 1V) and can be readily microfabricated. 

Henceforth they are ideal candidates to perform mechanical work in microdevices, 

such as in-vivo implantable systems or lab-on-a-chip applications involving 

manipulation and analysis of body-like fluids. 
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2.2  In-vivo glucose sensing 

2.2.1 Motivation 

Diabetes is a major public health issue in the US and has created a significant 

financial burden. The cost of medical care for diabetes in the US has reached 132 

billion dollars annually and is expected to further escalate [8]. The diabetes epidemic 

in the United States continues unabated, with a staggering toll in acute and chronic 

complications, disability, and death [9]. It has been estimated that approximately 20 

million Americans are now suffering from diabetes (Center for Disease Control data). 

Poor glycemic control leads to increased risk of diabetic complications and shortened 

life expectancy among diabetic patients. Since good glycemic control improves overall 

patient outcomes, modern treatment regimens emphasize glycemic control as close to 

normal as possible. While aggressive glycemic control may lead to better long-term 

survival, intensive glycemic control is invariably associated with increased risk of 

hypoglycemia. Hypoglycemia remains as a major concern for patients receiving 

intensive diabetes treatment. There is also a subset of diabetes patients who have 

developed hypoglycemia unawareness because of autonomic neuropathy. These 

diabetic patients could not sense hypoglycemia (sweating, palpitation, tremor, etc.), 

and are at particularly high risk of hypoglycemia coma or seizure [10]. 

Ideally, diabetic patients should be maintained within a narrow range of normal 

glucose levels and avoid glucose levels that are too high or too low. To achieve this 

goal, self-monitoring of blood glucose is essential. Assessing glycemia in diabetes, 

however, has always been a challenge until the invention of self-monitoring blood 

glucose (SMBG). Conventional SMBG using glucose meters allows patients to 
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monitor their glucose levels several times a day by sampling their capillary blood with 

lancets and test strips, however, these methods are associated with inherited errors and 

inconveniences. Operator-related errors are a more significant source of error than are 

instrument-related errors [11]. Glucose meters are also not dependable in the lower 

ranges of glycemia, which presents a barrier in detecting true hypoglycemia. During 

an acute attack of hypoglycemia, patients may not have enough time to locate their 

meter, lancet their fingers, correctly place test strip in the meter, read testing results, 

and self-treat their hypoglycemia before they became mentally impaired by 

hypoglycemia (which may happen rather quickly) [11]. 

Continuous glucose monitoring (CGM) is in the early stages of development for 

clinical use. However, successful CGM devices likely will change diabetes 

management in the future [11, 12]. There are many theoretical advantages over 

traditional glucose meters. CGM provides continuous glucose monitoring in real-time 

or near real-time, thus providing patients with constant feedback on their glucose 

control and adjustment of medications/insulin. Alarms can be set to alert patients of 

high or low blood glucose concentrations, and the immediate effect of every dietary 

and therapeutic intervention can be seen. At present, there are several CGM products 

on the market and more are under development. These monitors measure glucose 

concentration in subcutaneous interstitial fluid, which can reflect changes in blood 

glucose concentrations reasonably quickly. But these monitors are not easily used on a 

routine, clinical, long-term basis [11, 12]. Technical limitations (biofouling, sensor 

degradation) prevent CGM from being adapted for routine diabetes care at present [12, 

13]. More research is needed to develop new continuous glucose monitoring 

technology that can be adapted for routine clinical use. 
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A significant limitation of currently available glucose monitoring products is 

related to the sensitivity of the sensors to record low glucose concentrations, a good 

sensor has to reliably detect glucose in the hypoglycemic range [14]. All glucose 

meters and CGMs available on the market are based on enzymatic measurement of 

glucose in the blood or body fluid with testing strips/devices containing chemicals 

(glucose oxidase, dehydrogenase, or hexokinase) that interact with glucose in the 

blood or body fluids [15]. These methods of glucose measurement can not reliably 

detect glucose levels in the hypoglycemic ranges. For example, false-positive 

detection of hypoglycemia occurred around 40 to 60% of measurements in CGM 

devices [16, 17]. This is a serious problem that can result in the death of the patient, 

and thus, needs to be addressed with new technologies that can provide reliable 

detection of glucose in the hypoglycemic range. 

2.2.2 Proposed solution: protection of sensors 

The successful and convenient self-monitoring of glucose levels is a key 

component of outpatient diabetes therapy. For those diabetic patients admitted to a 

hospital, controlling glucose levels within normal range has been associated with 

better clinical outcomes and shorter hospital stay. Technical limitations prohibit 

currently available devices from monitoring glucose in real-time in vivo for more than 

three days and accurately measuring glucose levels in the hypoglycemic range. To that 

end, our team will develop a miniaturized microfabricated biosensing platform that 

will be based on microfabricated arrays of sensor-containing microreservoirs. When 

the sensing capability of the active sensor begins to deteriorate, activation of a new 

sensor, which has been protected in a closed microreservoir, will ensure the 
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uninterrupted and reliable long-term monitoring of glucose. The strategy is based in 

utilizing Au/PPy actuators as protective lids. The sensor would be immobilized on the 

back of the actuator, and so forth isolated from the environment while the actuators 

remain inactive, as illustrated in figure 3. 

 

Figure 3: The sensor (blue bulb) is immobilized on the back of the Au/PPy flap, protected 

inside the cavity. When the flap is activated, the sensor is released into the environment. 

The project further plans to extend the useful lifetime of the implantable glucose 

biosensors by utilizing a new glucose sensing technology that can monitor glucose 

reliably in real-time in the hypoglycemic, normal and hyperglycemic ranges. This 

technology will utilize fluorescent or electrochemical reporter labelled recombinant 

Glucose Binding Protein (GBP) elements [18]. The advantages of this technology 

include the ability of Glucose Binding Protein to detect glucose reagentlessly in a wide 

range of concentrations with fast analysis time, and a lifetime of the protein utilized in 

physiological temperatures, i.e. 37 °C, of at least 3 months. The miniaturized 

microfabricated biosensing platform is proposed to be completed into a single and 

independently functioning device by the integration of the microfabricated reservoirs 

and the microsensors with a miniature power supply and a wireless signal transceiver, 

to remotely control operation of the system (as illustrated in figure 4). 
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Figure 4: Implantable device for long term monitoring of bioanalytes. 

The overall objectives of the proposed project are two: 

1.-To develop a novel miniaturized microfabricated biosensing platform that can 

continuously and reliably measure glucose levels in the hypoglycemic, normal and 

hyperglycemic range for long periods (several months) of time. This miniaturized 

platform will also integrate a miniature independent power supply, and a wireless 

transceiver for remote operation of the system. 

2- To compare the performance of the proposed GBP-based biosensing array 

with another one based on the well-established GOx glucose biosensor. For that 

purpose a novel miniaturized microfabricated biosensing platform will be developed 

consisting of three components: a glucose-sensing array based on the electrochemical 

detection of glucose using the model enzyme glucose oxidase (GOx), an independent 

power supply, and a telemetry system. The first objective will specifically address the 

accuracy of the blood glucose measurements in the hypoglycemic range. The second 

objective will utilize mature enzyme-based biosensor technology where 

electrochemical detection can be realized and therefore, miniaturization is readily 

achievable (but without addressing the issue of measurement accuracy in the 

hypoglycemic range). 
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The proposed project has a great significance beyond blood glucose monitoring, 

since identical miniaturized microfabricated biosensing platforms can be utilized for 

integration with a wide range of biosensors. In addition, multiple sensors selective to a 

series of analytes can be incorporated in different reservoirs within a single device, 

allowing the measurement of multiple analytes by the use of a single platform. This 

platform can also be utilized as a responsive drug delivery system, by the integration 

of reservoirs incorporating miniature sensors along with drug containing reservoirs, 

which upon activation based on the data transmitted by the biosensor would release a 

specific dose of drug.  

2.3 Micromixing 

2.3.1 Micromixing applications 

Mixing is a particularly interesting process on the microscale, with a wide variety 

of applications. 

Many liquid-phase chemical and biological processes exhibit dynamics that 

cannot be resolved in reaction kinetics experiments because they are faster than the 

mixing times of conventional mixers. Protein folding is one important example in 

which the current emphasis is on time scales shorter than the millisecond mixing times 

attainable with traditional, stopped-flow methods [19]. The fastest mixers used for 

reaction kinetics introduce turbulence by forcing reactant streams at high velocity 

through a nozzle, yielding mixing times below 100 μs, but this process is inherently 

difficult to control and it consumes large volumes of sample. The transit time of the 

mixed fluid through the nozzle further imposes a dead time during which the reaction 
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is obstructed from view. A faster alternative to turbulent mixing is to reduce the length 

scale over which the fluids must diffusively mix by microfabricating the nozzles [20]. 

Chemical and biochemical sensing techniques for particular applications (like 

gene expression profiling and high throughput screening), require multiplexing and 

rapid homogeneous mixing of macromolecular solutions, such as DNA or globular 

proteins. Mixing of macromolecular solutions by molecular diffusion may take 

considerable time (dozens of minutes), and diffusion-limited reactions can take several 

hours (depending on the reactive species properties and concentration). Micromixing 

has been shown to substantially speed up some biochemical reactions [21, 22]. For 

applications where only a very small concentration of analyte is available (and so 

diffusion takes place very slowly), effective micromixing strategies are the key 

parameter to reduce assay times. 

Many other applications for mixing on the microscale have also been reviewed 

in the literature [23-25]. 

2.3.2 Micromixing and fluid flow in the microscale 

Mixing is the process of homogenization of the mass-related physical 

characteristics (concentration, density, viscosity) of two or more fluids that initially 

possessed different characteristics (or even different phases), so that by the end of this 

process the initial fluids can no longer be differentiated, and only a single 

homogeneous fluid with continuous characteristics can be recognized. 

This process is (in the absence of electromagnetic fields and external forces) 

essentially due to the Brownian motion of molecules, the net effect of which is 

formalized by Fick’s 1st and 2nd laws (equations. (1) and (2)): 
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A A AD C= − ∇J
 (1);   

2A
A A

C D C
t

∂
= ∇

∂   (2) 

These expressions relate the flux of species A (JA) and the variation of its 

concentration (CA) over time with a diffusivity coefficient (DA) and with its spatial 

variation in concentration. As can be seen from equation (1) the flux of molecules A 

will be from regions of higher to regions of lower concentration. 

It is very common to find expressions such as “convective mixing” or “turbulent 

mixing”. This terminology applies when not only diffusion, but also other processes 

(like stirring) take place. The mechanical process of stirring can increase mixing by 

producing interdigitated regions with concentration gradients, and thus reducing the 

distance through which molecules diffuse to homogenize the solution. 

It is also important to introduce at this point the equations of continuity (mass 

conservation) and motion (momentum conservation) for incompressible Newtonian 

fluids - equations (3) and (4) respectively: 

( · ) 0∇ =v   (3);     [ ] 2· P
t
ρ ρ μ ρ∂

= − ∇ −∇ + ∇ +
∂

v vv v g    (4) 

Eq. (3) simply states that there is no variation in the density of the fluid. Eq. (4), 

known as Navier-Stokes equation, states that momentum flux change in a fluid is a 

function of the inertial, pressure, viscous, and gravitational forces exerted on this fluid 

(right-hand-side terms). 

The relationship between the viscous and the inertial forces that act upon a 

specific fluid in motion can be described by the dimensionless Reynolds number, 

0 0Re u L
υ

=
  or also   

Re Inertial
Viscous

=
  (5) 
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where u0 is the characteristic velocity of the fluid, L0 is the characteristic length 

of the channel/vessel/obstacle and υ is the kinematic viscosity. 

Flows in pipes at Reynolds numbers above 3000 are defined as turbulent (inertial 

forces dominate), and flows below 2300 are defined as laminar (viscous forces are 

dominant). Turbulent flow is characterized by unpredictable fluid motion with 

unstable velocity profiles. Laminar flows, on the other hand, have well defined 

characteristic velocity profiles and stream and path lines. 

When mixing two initially separated fluids, a major difference between turbulent 

and laminar flows can be immediately observed: the random velocity configurations of 

the turbulent flow promote a faster and more intimate contact between sections of the 

initially separated fluids. Therefore, the distance between regions of each fluid section 

is reduced and so diffusion takes place more rapidly (as stated in Fick’s laws). On the 

other hand, in laminar flows where interdigitation of initially separated sections of the 

fluids does not occur, distances between sections are longer, and so diffusion of the 

different species happens more slowly. 

With water as the standard working fluid, typical velocities of 1 μm/s – 1 cm/s, 

and typical channel radii of 1–100 μm, the Reynolds numbers in microchannels range 

between 10-6 and 10. These low Reynolds values affirm that viscous forces typically 

dominate inertial forces in micron-size devices, and the resulting flows are almost 

always laminar. Hence, the practical advantages of promoting turbulence for 

enhancing any given mixing process cannot be easily achieved on the microscale 

(turbulence is an inertial-based effect). 

Under extreme circumstances (very slow, steady flow), Eq. (4) can be rewritten 

as 
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2 0P μ ρ−∇ + ∇ + =v g      (6) 

which is also known as “Stokes flow” or “creeping flow” equation, typical of the 

microscopic domain, where inertial forces and unsteady terms are neglected. 

In the beginning of this chapter Fick’s laws of diffusion were introduced, as the 

fundamental mechanism of mixing. It is also important to introduce a more detailed 

expression for mass transport, when, in addition to concentration gradients, flow and 

electric fields are also present: 

A
A A A A A A

z FD C D C C
RT

φ= − ∇ − ∇ +J v
   (7) 

The second term of this expression stands for “migration” (electrically driven 

transport of charged particles) and the last term stands for “convection” or “advection” 

(mass transport due to flow or kinetic energy of the particles). 

In some systems, some of these phenomena can be eliminated or made negligible 

so that some parameters (concentration, velocity field, diffusivity coefficient, etc.) of a 

solution can be studied closely. In the particular case of some experiments that will be 

presented in this work, a convective-based system in which diffusion is negligible, 

was used to gain some insight about the mixing capabilities of the system under study. 

2.3.3 Chaotic dynamical systems 

The goal of this section is to introduce the basic concepts of chaos in dynamical 

systems, with the only purpose to synthesize the practical aspects of the phenomenon 

called chaotic advection1. 

                                                 
1 Chaotic particle motion in fluids, even in fluids under laminar flow, as defined in [26]. 
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A practical example of a dynamical system that can present chaotic behaviour, 

which will also be experimentally dealt with thorough this dissertation, is the 

movement of particles within a flowing fluid. In this case the particles in motion are 

considered to have the same velocity as the fluid. This is referred to as advection, and 

is expressed in the following equations. 

particle fluid=V V
  

( , , , )

( , , , )

( , , , )

dx u x y z t
dt
dy v x y z t
dt
dz w x y z t
dt

=

=

=

   (12) 

The solution of this system of equations, depending on the expressions of u, v 

and w (velocity profiles of the fluid obtained from Navier-Stokes equations), can be 

considered as chaotic if it behaves in the above presented manner [26]. The velocity 

field of the fluid, which can even be steady for 3-D cases, doesn’t even have to be very 

complex for these systems to be dynamically chaotic. A simple example of such a 

system (2D, laminar, unsteady flow) is presented in figure 6 [26]. 
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Figure 6: Chaotic evolution of a blob in a 2D, unsteady, laminar flow [26]. 

Chaotic systems are also defined as systems having positive Lyapunov 

exponents, having positive topological entropy (or being topologically mixing), 

possessing denseness of periodic orbits, containing Smale horseshoes, etc... All these 

definitions, however, convey in practical terms in that chaotic behaviour in fluids is 

effectively mixing, and that chaos is characterized by stretching and folding (if 

possible fast and thoroughly) of fluid elements, effect that is intuitively visible in 

figure 6. For this to be achieved, crossing of streamlines is necessary [27]. 

Streamlines, per definition, cannot cross each other. But for time periodic flows, by 

superimposing streamlines at different times this crossing can be achieved. And this is 

precisely the basis of many micromixing strategies based on chaotic advection (some 

of which will be discussed in the next chapter). 
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2.3.4 Micromixing strategies 

Traditionally there has been a differentiation between the so-called passive and 

active mixers. Passive mixers are made out of fixed elements that do not require 

external energy (other than that which is necessary to promote the flow). They rely on 

diffusion and chaotic advection for mixing. Some examples of these passive mixers 

are given below. 

We have already introduced the issue of the laminarity of the flow in microscale 

systems, and also the theoretical constraints to create turbulence and thus convectively 

enhance mixing in microfluidic devices. Hence, the traditional approach implemented 

in micro-fluidics has been to increase diffusive mass transport by reducing the length 

across which a species needs to diffuse in order to produce a homogeneous solution. 

Many examples of these approaches have been implemented and can be found in the 

literature [28-35]. A traditional microfluidic device [28] is the so-called T mixer or T 

sensor (figure 7). 

 

Figure 7: T-mixer 

With this concept it is possible to mix different fluids. But how far down the 

channel must the fluids flow before the fluids are homogenized? A simple estimate 
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requires the particles or molecules to diffuse across the entire channel width, giving a 

time τD~w2/DA, where w is the width of the channel, U0 is the mean velocity and DA is 

the diffusivity coefficient of species A. During this time, a fluid stripe would have 

moved a distance Z~U0w2/DA down the channel, so that the length of the channel 

(expressed in terms of the number of channel widths) required for complete mixing 

would be of the order of: 

0 0m

A A

U w v LZ Pe
w D D
= = =

   (13) 

This dimensionless number, known as the Péclet number, expresses the relative 

importance of convection vs. diffusion. In this example, the number of channel widths 

required for full mixing varies linearly with Pe. Using a standard diffusivity for a 

small protein (4·10-7 cm2/s) flowing with the fluid through a 100 μm channel at 100 

μm/s requires Pe~250 channel widths (approximately 2.5 cm and 4 min) to completely 

mix. 

This particular device has been utilized as a sensor by exploiting the differences 

in convection and diffusion of different mixtures. T sensors have been used to measure 

analyte concentration [29], analyte diffusivities and reaction kinetics [28, 30]. Finally, 

competitive immunoassays have been performed by injecting an antibody solution 

alongside a solution of known, labelled antigen. Antigen-antibody binding is 

evidenced by marker accumulation in the inter-diffusion zone, and an unmarked 

antigen can be detected differentially, as competition for antibody binding alters the 

marker profile measured downstream [31]. 

Another application based on a similar principle is the H-filter (figure 8). 
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Figure 8: H-filter 

This simple device filters particles by size without the need for a membrane [32, 

33]. As in the T-sensor, two different streams are brought together to flow alongside 

each other down a channel. One stream is a diluted solution of different-sized 

molecules or particles, each of which has its own diffusivity and Péclet number. Using 

the simple argument above, each Pe determines the channel length required for that 

component to diffuse across the channel width. The H-filter works when the length l 

or flow velocity U0 is chosen so that one Pe is small and the other is large. Small-Pe 

small solute particles diffuse to fill the channel before exiting, whereas large-Pe large 

particles remain confined to their half of the channel. A reverse T-sensor then re-

segregates the flow into two streams, of which one contains mostly small particles, 

and the other contains both species. The H-filter requires only that the components to 

be separated spread at different rates transverse to the flow, and works regardless of 

the cause of the difference in dispersivity. 

Different modifications of the H-filter have been developed, where, for example, 

motile sperm are separated from non-motile ones [34]. Rather than differing in 

diffusivity, motile sperm rapidly and randomly swim to fill the channel, as compared 



 22

with non-motile sperm, which spread via diffusion alone. Here as above, the species 

that spreads quickly is extracted. Another device [35] demonstrates the type of 

analysis that can be performed with these principles. An H-filter brings a stream of 

cells into contact with a chemical agent that lyses the cell membrane, allowing certain 

intracellular molecules to escape. One output of the H-filter contains both waste cells 

and intracellular molecules. The other contains mostly the molecules of interest, which 

are then brought to flow alongside a stream of detection molecules in a T-sensor to 

probe various properties, e.g., identification or concentration. 

Another strategy to create mixing in the microscale is by taking advantage of 

chaotic advection [26]. As introduced before, when a fluid flow has certain properties, 

some of its volume elements are stretched and folded2. These effects decrease the 

pathway for diffusion to occur and so mixing is enhanced. Turbulent mixing works on 

this principle and although Stokes flows are inherently laminar, particles in fluids 

under this regime can move with chaotic-like path lines (chaotic advection). 

As an example of a chaotic advection-based mixer the staggered herringbone 

mixer is presented here. A continuous flow system in a channel can be chaotically 

mixed by creating secondary rotating flows. In this mixer these secondary flows are 

achieved by patterning grooves in the channel bed [36, 37] (figure 9). One mixing 

cycle is divided in two steps, each one of them promoting different transverse flow 

patterns (blue and red). When these patterns are superimposed, it is straightforward to 

see that what the mixer does is iteratively create two flows with crossing streamlines 

by periodically reversing the asymmetry of the grooves. This leads to an exponential 

                                                 
2 A more detailed Mathematical description of stretching and folding processes can be found in [38]. 
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stretching and folding of the two initially separated fluid elements, producing 

complete mixing after 15 cycles. 

 

Figure 9: Staggered herringbone mixer. An example of chaotic mixing generated by crossing 

of streamlines. 

As a second example, oscillating flows driven across a main channel stretch and 

fold fluid in the primary flow onto itself, significantly enhancing mixing by reducing 

the path length for diffusion [39]. 

In contrast to the passive mixers described, the so-called active mixers use 

external fields to generate disturbances that enhance mixing. Figure 10 shows different 

kinds of active mixers studied in the literature. They are all reported, with references, 

in the review paper [40]. The different external disturbances that have been applied 

and reported are pressure field based (a, b and c), electro hydrodynamic (d), 
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dielectrophoretic (e), electrokinetic (f and g), magneto hydrodynamic, acoustic and 

thermal. 

 
Figure 10: Examples of active mixers 

These mixers, as discussed previously, also rely on diffusion and chaotic 

advection for mixing, but the means by which this chaotic advection is created are not 

passive, but active (externally generated). 

2.3.5 Cilia and flagella-like mixers 

To begin narrowing down the micromixing approach followed in this work, we 

present the findings on flow or movement of microsystems in the microscale reported 

in a paper by E. M. Purcell, [41]. When discussing how microorganisms can 

effectively “swim” in low Re fluids, Purcell presents the theoretical examples given in 

figure 11. 
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Figure 11: swimming micro-structures with 1 and 2 hinged rigid beams [41]. 

In case a, as discussed in the paper, the device is bound to move back and forth 

to the same initial and final positions (S1 and S2). In case b, the device can move in a 

loop (or even more complicated trajectories), covering a larger distance (from S1 to 

S5). This realization intuitively brings up the relevance of the flaps presented in 

section 2.1, because it implies that it is physically possible to move portions of fluid at 

extremely low Re, and that this “constricted” flows can be enhanced when more than 

one actuating rigid beam is present. 

But Purcell’s findings still go further. Figure 12 presents one of the main 

principles that allow microorganisms to swim in these extremely unfavourable 

conditions: the use flexible, non-reciprocatingly moving actuators. 

 

Figure 12: swimming micro-structures with flexible beams [41]. 
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These systems differ from the elements presented earlier in that they are flexible. 

Hence, their movement and position in time is not only influenced by their activation 

mechanism, but also by the fluid forces exerted upon them by the flows that 

themselves have promoted. This added complexity in the fluid-structure interactions is 

the key factor that allows microorganisms to swim. 

These flexible appendixes used by microorganisms to propel themselves are 

called cilia or flagella. For instance, ciliated organisms like paramecium can swim at 

speeds up to 2 mm/s, which relatively can be up to 60 times their body length per 

second [42]. 

Several examples of flexible actuators can be found in the literature, for instance 

a flag moving in the wind [43]. In this case, the flag is shaped by the fluid flow around 

it. But this effect is reversible: if the flag possessed an independent actuation 

mechanism that allowed it to take the same conformations the fluid flow induced in it, 

the flag would be able to promote similar flows to the surrounding fluid. 

In the microdomain devices of that sort have already been fabricated and proven 

as micromixers and pumps [44]. In this work den Toonder et al. used electrostatically 

activated cilia-like devices as shown in figure 13. 

 

Figure 13: Electrostatic cilia-like actuators [44]. 
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These devices didn’t move like flexible structures (they were quite rigid) and so 

fluid forces didn’t affect their shape and position and no asymmetry between their 

strokes upwards and downwards was observed. Thus, effects like fluid propelling 

should not have been expected. Nevertheless, den Toonder et al. demonstrated that 

actuating them at high frequencies did indeed create powerful convective effects. They 

reasoned that because the speeds of actuation used (1 ms curling-up time and 3 ms 

flattening-out time), local inertial effects were actually responsible for the flow 

patterns observed. They calculated the theoretical local Reynolds numbers for their 

experiments, and indeed they turned out to be larger than 1. 
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3. OBJECTIVES 

The basis of the research presented here is to find interesting applications for 

Au/PPy flaps. We think that these actuators possess some special characteristics that 

make them interesting candidates for applications in microdevices, namely: 

- They can be activated at low voltages (usually 1V). Hence, undesired electronic 

interactions with the surroundings are minimal. This translates into practical 

advantages like: low reactivity with target analytes, avoidance of water electrolysis 

(and so in-vivo friendliness), chemical and electromagnetic noise/interference 

minimization, etc. 

Also, small implantable or hand-held devices that cannot integrate power supply 

generators delivering tens to hundreds of Volts could benefit from these low voltage 

driven actuators. 

- Au and PPy, the structural components of the flaps, are biocompatible, an 

indispensable feature for all implantable devices. 

- They can be actuated in biological fluids at body temperature, another requisite 

for in-vivo function and for biomedical applications handling biological samples. 

Some of the clear drawbacks of this technology are: 

- The rate of operation is limited. The fastest they have been reported to actuate 

(achieving significant amplitudes of movement) is at frequencies of up to 3Hz [45]. 

Hence inertial effects such as reported in [44] might not be attained with these devices 

because, a priori, they move too slowly. This issue will be addressed in this 

dissertation. 
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- Traditionally they have been reported to have a short life span (half of these 

devices suffer from PPy delamination and operational breakdown after 3,000 cycles). 

But recent studies on surface treatments of the Au layer aimed at increasing its 

roughness have reported improvement of half-lifetimes up to 35,000 cycles [5]. 

Hence, and regardless of the efforts being carried out to improve their performance, 

these devices could still be insufficiently longevous for use in such applications as 

long term implantable devices. 

In the context of this dissertation, these actuators have been fabricated and tested 

for their functionality in the two applications presented below. 

3.1 In vivo sensor protection 

In the previous section the scope and the objectives of this project were laid out. 

These involved the fabrication and testing of an actual implantable glucose monitoring 

prototype, a task that will take several years to be accomplished. Hence, several 

milestones need to be reached sequentially, beginning with the simplest proofs of 

concept and progressing towards the more complex and integrative goals. 

In the ambit of this dissertation, which is focused on fabrication and testing 

Au/PPy flaps, the initial most essential task that needed to be carried out in order to 

make sure that this technology could serve the desired purpose was to optimize the 

operation performance of our devices. The immobilization and testing of the sensors 

on the back of the flaps was to be carried out elsewhere, since this was the expertise of 

our collaborating group at the University of Kentucky (Prof. Daunert). To facilitate 

this task, tough, it was requested by them that initial devices had a circular 

immobilization area of 1 mm in diameter. Hence the first task would be to test devices 
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several mm in size, and then upon achievement of successful and repeatable results, 

we would proceed to fabricate and test actual miniaturized devices. 

The fabrication process traditionally followed in our lab to manufacture Au/PPy 

flaps is presented in figure 14. 

 

Figure 14: Traditional fabrication process of Au/PPy flaps. 

Step F is particularly designed for the sensor protection application, and it is not 

a requirement to obtain functional devices. By patterning a cavity from the back side 

of the substrate, the bottom of the Au layer of the flaps becomes exposed and sensor 

immobilization can be performed on it. Sealing of the cavity is then required, and this 

can be arranged by such a simple process as covering it with adhesive tape. 

Unfortunately, about 50% of the devices manufactured using this traditional 

fabrication, as it will be explained below in section 4.1.2, experienced operational 

difficulties. Hence, it was initially essential to establish our ability to fabricate devices 

that were compliant to the following requirements: 

- The flaps functionality had to be highly reliable, with immediate release and 

satisfactory actuation properties for at least 95% of the devices fabricated. 
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- They had to remain operational in in-vivo-like environments (same saline 

concentration and temperature) for long periods of time (in the order of months), 

without substantial loss of actuation capability. 

- In addition, the sealing capacity of the devices over time needed also to be 

verified, to guarantee that the future incorporated sensors would indeed be isolated 

from the surroundings until release was required. 

Only after achieving these goals, would our proposed technology be proven 

capable of what we set out to do: to fabricate implantable devices that could be 

operational for longer periods of time than the currently marketed ones. 

The strategy that was conceived in order to do so was to fabricate a variety of 

sets of flaps and test their actuation properties and reliability: how many, how well and 

for how long could they be actuated. As a starting point, our traditional fabrication 

process would be followed and the resulting devices tested. Upon the analysis of these 

results, if considered necessary modifications on this fabrication process would be 

gradually incorporated as to eventually refine a fabrication strategy that could produce 

highly reliable flaps with long term actuation properties. 

3.2 Micromixing 

As introduced in section 2.3, it is a priori possible to use flexible or rigid 

microscopic flaps to create flows of sufficient complexity as to improve micromixing 

by chaotic advection means. 

Our aim here was to fabricate, optimize and test Au/PPy flaps to study their 

potential for promoting complex flows, and so assert their micromixing capabilities. 

To do so, the following experiments were designed. 
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3.2.1 Chronoamperometric (CA) experiments 

To evaluate how the flow promoted by these actuators could convectively 

increase mass transport over diffusion limits, a Redox sensor would be combined with 

Au/PPy actuators in three different systems (presented below). The Redox sensor 

would be a Au electrode submerged in a solution of Fe(CN)6
-4 species (at 

concentrations between 0.1 to 10-5 M) in the presence of 0.1 M phosphate buffered 

saline (PBS, 137 mM NaCl, 10 mM Phosphate and 2.7 mM KCl. PH 7.4) supporting 

electrolyte. This electrolyte was chosen because its saline composition is similar to 

blood plasma (and so it simulates a substrate from a biological sample) and its ionic 

species and concentration are suitable for effective flap actuation. Using a potentiostat 

in a 3-electrode-cell mode (with the working electrode, WE, connected to the Au 

Redox sensor, an Ag/AgCl reference electrode, RE; and a Au counter electrode, CE, 

with a much larger area than the WE), when a sufficiently high positive step-voltage 

function is applied on the WE the recorded current over time (CA experiment) is a 

direct function of convective and diffusive mass transport of Fe(CN)6
-4 species [46]. 

Thus, the higher the rate at which Fe(CN)6
-4 molecules reached the surface of the 

Redox sensor and were oxidized to Fe(CN)6
-3, the higher would the recorded current 

be. When comparing an experiment under strict diffusion-limited conditions (stagnant, 

unstirred solution) with an identical experiment in the presence of a system of moving 

actuators, a measurement of mass transport enhancement due to convection could be 

obtained from the difference between the recorded currents that correspond to 

presence and absence of advection in the system. 

The movement of the actuators would also be recorded on videotape while the 

CA experiments were taking place, so that a real time comparison could be made 
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between any increase in the CA response and the actuators motion characteristics. All 

systems were to be actuated in open beakers with large amounts of Redox species 

(semi-infinite approach). 

The three actuator/sensor systems designed for this set of experiments were: 

- Sensor near flap: This set of devices consisted of Au/PPy flaps, several mm in 

size, with an Au sensor placed right in front of the actuator, like depicted in figure 15. 

 

 

Figure 15: Sensor near flap configuration and dimensions (in mm). 
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- Sensor on flap: In this case, the goal was to place the sensor on top of the 

actuator (as shown in figure 16), so that ideally the sensor would be brought into the 

bulk of the solution, and perhaps this way an increased response (not only due to the 

flow of fluid, but also because the sensor itself is brought into regions of higher 

concentration) would be obtained when compared with the previous configuration. 

 

 

Figure 16: Sensor on flap configuration and dimensions (in mm). 
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In this case, to avoid conductive coupling between the sensor and the electrically 

activated actuator, an electronically insulating layer between sensor and actuator 

would be integrated in the device. 

- Sensor near microflaps: Finally, the last set of devices to be tested would 

consist of microscopic flaps, several of them, placed around an Au sensor, as 

illustrated in figure 17. 

 

Figure 17: Sensor near microflaps configuration and dimensions. 

Several flaps were combined in different flapping configurations so that the 

effects of multiple actuators could also be explored (as suggested in figure 11b, 

systems of actuators should be more effective at creating complex flow patterns). 

3.2.2 Fluorescence experiments 

The previous set of devices and experiments was suitable to set off to prove the 

convective properties of Au/PPy flaps, both in the macro- and microscale. But since 

those experiments lacked flow visualization capability and, as it will be explained 

below, some CA experiments were inconclusive, a new set of experiments aimed at 

visualizing the convective and mixing abilities of these devices was considered 
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necessary. The approach taken was to use fluorescent tracers and a fluorescent 

microscope to visualize the orbits of the tracers promoted by the flow fields created by 

different sets of acting microflaps in a physically contained fluid. 

Two different sets of experiments were then designed. 

- Experiments in microchannels: The goal here was to visualize a fluorescently 

seeded fluid in a microchannel under the activity of the flaps. This way certain effects 

of the flows promoted by the flaps would be validated. 

The final devices would consist of a sandwich of a glass slide substrate and a 

PDMS cover. The actuators would be fabricated on the glass slide, and microchannels 

would be patterned into the PDMS. The final device would be aligned and brought 

into contact, so that the flaps would finally remain inside the channels, as illustrated in 

figure 18. 

 

Figure 18: Flaps combined with PDMS microchannels. 

The designs for this set of devices are presented in figure 19. 
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physiological solutions (i.e. PBS). The second solution would be identical, but in this 

case it would also contain a fluorescent dye. When pumped in parallel, the Y shape of 

the channels would bring the 2 fluids to flow together. The laminarity of the flow and 

the identical saline concentration would minimize mixing between both solutions. The 

only mass transport phenomena possible, then, would be the diffusion of the 

fluorescent dye from the second solution into the first, initially “dye-free”, solution. 

This diffusive transport could be controlled using different dyes (i.e. microspheres of 

large diameter), and so theoretically it could be reduced as to even be considered 

negligible (by using sufficiently large fluorescent particles). 

Once the diffusion “interference” of the fluorescent dye would be struck out of 

the equation, a variety of experiments could be carried out. For example, actuating the 

flaps while the two solutions are flowing in parallel could give information on the 

mixing capability of the devices for “in-flow” applications. Another experiment could 

consist in stopping the flow once the solutions have been brought in contact, and 

observe the effectiveness of the flaps in mixing the slow-diffusing dye into the other 

section of the channel in stagnant conditions. 

- Cross sectional particle tracking: The experimental setup presented earlier was 

inconvenient to perform certain experiments, namely the side-wise (or cross-sectional) 

tracking of particles. 

For this reason a container facilitating the lateral placement of samples (the same 

ones fabricated for the previous in-channel experiments) would be necessary, so that 

tests aimed at the characterization of the cross sectional flows could be carried out, as 

depicted in figure 20. 
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Figure 20: Setup design for cross-sectional particle tracking. 

In these experiments, the interest strictly resided in being able to visualize 

particles in the flow. Therefore, the solution should be seeded with fluorescent 

particles that were large enough so that each particle could be identified and tracked in 

time, but small enough so that they remained accurate representatives of the flow 

fluctuations. 

3.2.3 Surface- reaction rate enhancement experiments 

In this case the goal was similar to that of the CA experiments designed before 

(check the relevance of possible convective effects on the rate of an ongoing reaction). 

But instead of using an electrochemical reaction, now the goal would be to quantify 

the rate of a biological reaction taking place on the surface of a microspot in a 

microchannel. The analytical target would be labeled to a fluorophore, so that the 

accumulation of this reactant on the surface of a microspot (due to its reaction with a 

previously immobilized affinity couple) could be quantified as fluorescence intensity. 
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Assessing the intensity on the functionalized spot over time for experiments with 

and without active actuators placed around the reactive area, would yield a direct 

quantitative comparison on the reaction’s yield enhancement. The affinity couple 

chosen to carry out these experiments was biotin-streptavidin, since many surface 

functionalization protocols with biotin are available in the literature and the couple is 

of particular interest in biochemical applications. An illustration on how these 

experiments had been envisioned is presented in figure 21, and the design of the 

devices to carry them out in figure 22. 

 

Figure 21: Illustration of the envisioned biological reaction rate enhancement experiments. 



 

Figure 

Al

streptavi

were fou

seemed 

biotinyla

not be 

reactivit

reason b

experim

unsucce

22: Design o

though wor

idin was car

und which p

to bind to

ated or not.

controlled. 

ty. Because 

behind the 

ments tryin

ssfully, and

of the device

rk towards

rried out fo

prevented th

o hydropho

 Even with

Also biot

of these pr

lack of b

ng differen

d finally, d

es for the bio

immobiliza

llowing the

he impleme

obic substra

h the use of 

tin and str

roblems it w

inding spec

nt variation

due to time

41

logical react

ation of bio

e process ou

entation of t

ates, regard

surfactants

reptavidin d

was not pos

cificity. Se

ns on th

e restrictio

tion rate enh

otin and sub

utlined in [4

the final exp

dless of wh

 (such as T

degraded e

sible to ass

veral sets 

he protoco

ns, all effo

hancement ex

bsequent re

47] severe im

periments. S

hether they

Triton) this e

easily, rapid

sert what wa

of devices 

l were c

orts were o

xperiments.

eaction with

mpediments

Streptavidin

y had been

effect could

dly loosing

as the exact

and many

carried out

oriented on

 

h 

s 

n 

n 

d 

g 

t 

y 

t 

n 



 42

obtaining results on the other designed experiments and this approach was set aside as 

future work to be undertaken. 
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4. RESULTS AND DISCUSSION 

4.1 Basic fabrication steps 

All devices were fabricated at the Integrated Nano Research Facility at UCI. The 

traditional fabrication process for all flaps has already been outlined in figure 14. 

In the following subsections a detailed description on each step of the process is 

given. 

4.1.1 Masks fabrication 

All masks were designed with AutoCad2000, and sent to be printed on film to 

“Photoplot store” (http://www.photoplotstore.com/). An example of a set of masks 

designed for the fabrication of devices introduced in sections 3.1.2 and 3.1.3 is 

presented below (figure 23). 

Once the ink-patterned films were received, they were checked under the 

microscope, cleaned and used directly without further transformations (such as pattern 

transfer to Iron Oxide (FeO) masks or similar processes). Henceforth, the films 

themselves were used as masks. 
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Figure 23: Masks for the photolithographic processing of a) Cr/Au contacts for electronic 

actuation, b) polyimide layer and c) Au patterning of the flaps. 

4.1.2 Traditional fabrication of flaps 

Step A in figure 14, consisted in initially cleaning glass slides with DI water, 

acetone, and isopropanol. After that, the samples were dried and introduced into a 

thermal e-beam evaporator metal deposition system, where first a thin layer of 

Chromium (Cr), between 30 to 100 nm, and then a Gold (Au) layer, ranging from 25 

to 100 nm, were deposited onto the cleaned sides of the glass samples. 

Shipley 1827 PR was then spin coated on the Cr/Au deposited surface, at 3100 

rpm for 30 s. After a 2 min soft-bake at 90 ºC (either in furnace or hot-plate) the 

sample was exposed under the appropriate film mask (figure 23a) to a UV light 
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source. Then the Cr/Au patterns to be etched were revealed by developing the exposed 

PR in MF-319 developer for about 40s. After this, first Au etchant and then Cr etchant 

(for as long as required) were used to etch away the undesired metal, so that finally the 

Cr/Au (protected under the remaining, non-exposed, PR) was only present on the 

desired areas of the substrate, which would be used as “electrical contact pads and 

lines” (step B in figure 14). The PR was then stripped off in acetone. 

Subsequently the sample was rapidly cleaned in B.O.E. for 10 s, rinsed in 

abundant DI water, dehydrated at 120ºC for 10 minutes and it was ready for deposition 

of a thin layer (ranging from 100 nm to 500 nm, depending on the spin coating time 

and velocity) of diluted PIRL-III, a polyimide containing solution from Brewer 

Science (the dilution prepared was 1 part of polyimide solution in 3 parts of 1-methyl-

2-pyrrolidone). Following a soft-bake (at 200 ºC for 10 min) polyimide patterning was 

done at the same time as PR patterning, as explained above (using a mask as in figure 

23b). Developing had to be done quickly and vigorously, because polyimide was also 

attacked and removed by positive photoresist developers. A precise patterning 

protocol had to be developed otherwise polyimide could be deeply “undercut” from 

below the PR, (figure 24). Once patterned, the PR was stripped with acetone and the 

final polyimide pattern was obtained (Step C in figure 14). A final hard bake of this 

layer was then undergone at 350 ºC for 1h, after which polyimide was not attacked by 

the PR developer anymore. 
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Figure 24: Undercut effect on polyimide when developing PR. 

This Polyimide layer was aimed at allowing a quicker and smoother release of 

the Au layer of the flap from the substrate. It has been reported that Au can adhere 

strongly to certain substrates, a feature that poses a difficulty to the release and 

actuation of the final Au/PPy flap [5, 7]. Previous research in our lab concluded that 

when manufacturing these flaps on glass or silicon, Au usually adhered better on the 

glass or silicon substrate than on PPy. This difference in adhesion, hindered flaps from 

detaching from the substrate, and usually produced devices that would undergo 

irreparable structural damage through Au-PPy delamination before they could release 

and actuate appropriately. Hence, experimentation using different adhesion reduction 

layers to help minimize this effect was undertaken and the use of a polyimide layer 

(from the commercial solution PIRL-III, from Brewer Science) became the standard 

answer to the problem. Nevertheless, smooth and immediate release from the substrate 

was seldom achieved. Approximately only a 50% of flaps fabricated in this fashion 

worked, and they most of them needed repeated activation steps before they could 

release. 

The next step was the patterning of the flaps’ Au structural layer. This was again 

accomplished by thermal e-beam evaporation. This time the thickness of the Au layer 
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was always at least 100 nm (since it had been reported that for the best combination of 

force and bending, the optimal thickness of Au had to be between 100 and 300 nm 

[5]). Again, PR patterning was performed using a final mask (figure 23c), and the 

undesired Au areas were etched out. Remaining PR was stripped and the final Au 

structural layer of the flap was exposed (Step D in figure 14). 

The final process (Step E in figure 14) was the deposition of PPy. For that 

purpose a solution of 0.1M Pyrrole monomer and 0.1M NaDBS was prepared. The 

devices were then introduced in the solution and connected (via the initially patterned 

connection pads) to the WE of a potentiostat3. An Ag/AgCl RE (trying to maintain its 

tip as close as possible to the Au area to be deposited on) and a Au CE, with large 

area, were also submerged in the solution and connected to the potentiostat. Then a 

CA experiment was run at 0.5 V for as long as required (depending on the area of the 

Au layer on which PPy was being deposited) to deposit a PPy layer 10 times thicker4 

than the Au layer (which reportedly, was the ratio that provided greatest bending 

performances [5]). 

Additionally, and only for particular applications (such as sensor immobilization 

and protection), the bottom of the Au layer could be reached and exposed by 

patterning a cavity on the backside of the substrate, step F. For this purpose the 

substrate (which for ease of fabrication was always chosen to be a Silicon wafer in 

these cases, although other processing techniques could also permit the use of glass) 

was coated with a 20 μm layer of AZK 4620 PR (spun at 900 rpm for 20 s, and baked 

at 95 ºC for 30 minutes) and then aligned using the front/back side alignment feature 

                                                 
3 Gamry Femotstat FAS2 
4 PPy Thickness measurement was done on Tencor Alpha-Step 200 Surface Profilometer 
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of a Karl Suss MA6 aligner. By doing so, and after development, the substrate was 

exposed on the backside exactly under the previously fabricated flaps, with openings 

on the PR of the desired cavity’s cross-section size. Then the sample was processed in 

a STS MESC ISP Deep Reactive Ion Etching system (DRIE), which selectively 

removes bare Silicon at a much higher rate than the PR used. At the end of this 

process, that usually lasted for about 2 to 5 hours (depending on the dimensions of the 

cross-section of the cavity to be patterned), the cavities were etched through all the 

thickness of the Si wafer (approximately 500 μm) so that the Au from the bottom of 

the flaps was exposed. The final stage of the DRIE process needed to be done 

carefully, because once the Silicon was removed, direct bombardment of plasma on 

the flaps occurred, which in excess could cause cleavages on the Au, which would 

make the flaps useless for protective and sealing purposes. 

All actuators were initially fabricated using this method. Only the very final 

devices were produced using a newly conceived, optimized fabrication process. 

4.2 Optimization of flap fabrication for sensor protection applications 

As introduced in the objectives section, several fabrication protocols were 

sequentially followed and the produced devices tested for operability. 

Our traditional fabrication method was used as the starting point to manufacture 

the first batch of devices. During operational testing possible issues arising from this 

initial procedure were identified and were addressed in the following fabrication 

strategies. All steps taken are presented individually in this section. 
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4.2.1 Batch 1 

The design and dimensions of the flaps fabricated are sketched in figure 25. 

 

Figure 25: Batch 1. 24 flaps fabricated based on traditional method. 

24 round flaps, of 1.2 mm in diameter, were fit in a 4 inch Si wafer. To minimize 

interferences between devices, the wafers that were used had an insulating layer of 

silicon oxide on the top side (of about 500 Armstrong). The fabrication approach 

implemented for these devices was the traditional one (as explained in 4.1.2 and 

illustrated in figure 14). The polyimide containing solution used was PIRL III. The 

bottle used had expired a year ago, but since the company that commercialized it was 

no longer in business (Brewer Science), it was impossible to acquire a new one. A 

diluted solution (1:3 in solvent) of this sample was spin coated at 4,000 rpm, and its 

final thickness was measured to be 500 nm. After the deposition and patterning of the 

Au layer of the flaps (200 nm thick), and before PPy deposition, DRIE on the back of 
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the Silicon wafer was carried out. Once the Au was revealed, the process was stopped 

and the devices were examined under the microscope. 

Afterwards, PPy was deposited as described in 4.1.2, with approximate 

thicknesses of 2 μm, and again pictures of the devices were taken under the 

microscope. Finally, the flaps were actuated in PBS 0.1 M using an Ag/AgCl RE 

connected tot the negative output of a function generator and the positive output to the 

WE pad that led to the flap. Note that for testing the on-chip fabricated CE were not 

used as RE, since a good control on the potential applied is only feasible with the use 

of a non-polarizable electrode as RE [46]. Data on actuation performance and input 

requirements was recorded. Pictures of a standard sample at different stages during 

this fabrication process are presented in figure 26. 

 

Figure 26: Sample device from batch 1. a) after DRIE; b) after PPy deposition; c) after 

actuation. 

The following are the observations made after carrying out the fabrication and 

testing of 5 samples: 

- The polyimide layer (that was checked under the microscope right after it was 

patterned and looked solid) appeared to be “wrinkled” in all devices after the DRIE 

step (figure 26a). Also, as shown in figure 26b, this layer was partially detached from 

the Si substrate, sometimes before or sometimes after PPy deposition. Hence the 
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polyimide was attacked by some of the chemicals used during processing between 

these two steps, and it became critically damaged (something that had traditionally not 

occurred before, and that could be attributed to the expired source of polyimide used). 

- The Au layer of the flap appeared in many cases cracked at the edge of the 

patterned cavity, right in between the anchoring area and the flap itself. In some 

samples, it wasn’t even present, having completely delaminated and disappeared. This 

could be attributed to two reasons: the polyimide layer, being so apparently unstable, 

could have cracked/delaminated from the substrate right under the Au, promoting 

these cleavages. Or the DRIE process could have been overrun for just long enough to 

overexpose the Au layer to higher bombardment energy and fracturing it. 

- Actuation of the flaps with square wave functions of up to 2 V and from 0.1 to 

1 Hz, could not release a single device. Most appeared nonresponsive, but even the 

ones that responded did so in a curios way: some edges of the flaps would release and 

bend partially, but the device would still remain attached to the substrate on specific 

anchoring areas, thus impeding the whole structure from lifting itself from its original 

position. The results of actuation, in the best cases delivered flaps as shown in figure 

26c, where the red circles surround some of the mentioned anchoring areas. 

After these observations it was concluded that the devices lacked the capacity to 

release upon actuation, and that the likeliest cause behind it was the lack of a 

structurally solid and smooth polyimide layer. Also, to avoid Au damage due to 

possible over bombardment during DRIE, this process should be optimized and the Au 

layer of the flaps increased. 

Keeping these main considerations in mind, among others, a new batch of 

devices was fabricated. 
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4.2.2 Batch 2 

This new set of devices was fabricated according to the new design illustrated in 

figure 27. 

 

Figure 27: Batch 2. Device distribution and dimensions. 

One of the goals of the new design was to minimize the amount of Py/NaDBS 

solution needed for PPy deposition. In the previous devices, practically the whole 

wafer had to be submerged in the solution to carry out this process, which required 

several hundred mL of solution. With this new approach, each device could be diced 

out of the wafer, so that the final dimensions of each substrate were approximately 1.5 

x 1.5 cm, and about 50 mL of solution in a beaker were enough for a successful PPy 

deposition. 

In addition, the flaps were fabricated in a rectangular shape. This was so because 

of the consideration that perhaps the circular geometry of the previous flaps could 

have had something to do with the partial release and anchoring of the previous 

devices. Rectangular flaps had been repeatedly proven to release and actuate in a 
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bending-beam type of motion, and so by implementing this change it was expected 

that any geometry-induced particularities in the actuation behaviour of the final 

devices would be discarded. 

The polyimide layer thickness was increased for these devices (up to 1 μm). The 

patterning revealed nicely developed and solid shapes (no wrinkles or delaminations). 

The hard bake at 350 ºC was now also increased to 2 h. The goal was to reduce the 

possible harmful effect of chemicals in contact with the polyimide during the 

followings fabrication steps. The samples were then submerged in an acetone bath for 

20 minutes to test the polyimide stability (acetone had previously been observed to 

attack improperly cured or weakly adhered polyimide layers). The remaining steps of 

the process were pursued as detailed previously, only changing the thickness of the Au 

layer of the flaps, that this time was raised to 500 nm (to minimize bombardment 

damages during DRIE). 

The cavities on the Si wafer were patterned next, and then the devices were 

diced to 1.5 x 1.5 cm individualized systems containing each a flap with its contact 

pad and a CE. This process was initially done by taking advantage of the well defined 

cleavage propagation directions of silicon [100] wafers. By placing the wafer on a soft 

surface (like a pile of wipes), and gently pressing with a diamond inscriber along the 

direction of desired cut to be inflicted (which coincided with a cleavage propagation 

direction), the wafers eventually cleaved in a neat longitudinal cut along that direction. 

The samples were designed so that the edges of the individual 1.5 x 1.5 cm systems 

were already aligned with the cleavage propagation directions. 
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PPy was electrochemically deposited, this time with thicknesses of 5 μm 

approximately, and finally samples were actuated against an Ag/AgCl RE using a 

function generator on a square wave mode. 

Figure 28 contains pictures at different stages during these fabrication and 

testing processes of one of the samples prepared with this batch. 

 

Figure 28: Sample device from batch 2. a) after DRIE; b) after PPy deposition; c) after 

actuation. 

The observations during fabrication and testing of these devices are presented 

below: 

- No degradation of the polyimide was observed after the acetone bath, 

indicating that these solvent was not responsible for the damages previously observed 

on this layer. Right after patterning the Au flaps, when the polyimide layer became 

exposed after the Au etching process, the polyimide presented again signs of damage 

(cracks and wrinkles, as in figure 28a). Hence the most probable cause of harm was a 

chemical attack from the Au etchant solution used during the patterning of the flaps, 

event that had never been observed before. The expired PIRL III solution that had 

been traditionally used, then, had probably degraded and become useless. The only 

option not to damage this polyimide layer would be to go around the Au etching step. 

This would mean changing the current patterning process of the flaps from depositing 
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first the Au, patterning PR on top afterwards and finally etching the undesired Au; to a 

lift-off process, where PR would be deposited and patterned first, Au evaporated on 

top afterwards, and then PR, and the undesired Au laying on it, would be stripped off 

in acetone at the end. The only inconvenience of the lift-off process was that previous 

experimentation by the author reached the conclusion that for microscopic flaps (the 

ones that eventually should be fabricated) this strategy was unfit, due to the fact that 

during strip off the Au pertaining to the flaps was easily removed altogether with the 

undesired Au and the PR. Henceforth the decision was made to try a new polyimide 

containing solution in the next batch of devices and proceed to try to actuate the 

current ones. 

- The deposition process of PPy usually resulted in an even more damaged 

polyimide layer, as shown in figure 28b. 

- Again, samples were actuated and no motion was observed, not even a partial 

release from the polyimide layer. Voltages higher than 1 V usually resulted in water 

electrolysis. Only when flaps were partially peeled off the substrate directly with a 

sharp razor, motion of the flap during actuation (the curling and flattening described in 

figure 2) was observed. This indicated that the flaps were indeed active, but they were 

stuck to the substrate, probably on the polyimide layer (which originally had precisely 

been used to prevent adhesion of the flaps onto the substrate). But another possibility 

could also explain this phenomenon: during PPy deposition, PPy grew in all 

directions, also laterally. Hence it was possible that by depositing thick layers of PPy 

(as in the present case, where 5 μm thick layers were deposited to maintain the 1:10 

ratio of Au:PPy thickness) the polymer would grow around the Au’s edges and contact 

the substrate directly. If PPy adhered well to the substrate (polyimide in our case) this 
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would create an anchoring perimeter all around the flap that could prevent device 

release and actuation. Nevertheless, given the facts that the degradation of the current 

polyimide containing solution was apparent and that anchoring problems due to lateral 

PPy growth were never reported before, it was concluded necessary to acquire a 

fresher source of polyimide and fabricate and test a new batch with it. 

4.2.3 Batch 3 

This new set of devices was fabricated according to the same design presented 

before in figure 27. 

A new polyimide containing solution, PI 5878G from HD Microsystems, was 

used this time to pattern the differential adhesion layer. The fabrication process was 

performed as in batch 2, with the only additional change of lowering the thicknesses of 

the Au of the flaps to 450 nm (since no damages were observed during the more 

carefully performed DRIE on the previous 500 nm Au flaps) and of the PPy to 4.5 μm. 

A sample of one of these devices at different stages of the fabrication and testing 

process is presented below in figure 29. 

 

Figure 29: Batch 3 sample device. a) after DRIE; b) after PPy deposition; c) after actuation 
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The most relevant observations made along the processing and testing of this 

batch were: 

- The polyimide layer presented, overall, a smooth and solid aspect, as shown in 

figure 29a, all along the process (including after Au etching). Across the edges of 

some samples, though, the polyimide seemed to be partially lifted, as if its adherence 

to the substrate was not entirely thorough (figure 29b). 

- Direct actuation tests on the flaps resulted, yet again, in unreleased, motionless 

devices. To investigate the possible anchoring effect of the laterally grown PPy (as 

shown in figure 30), layers of PPy up to 20 μm thick were deposited and actuated. But 

previous to actuation, the perimeter of the flaps was cut out with a sharp razor, in 

order to release the flaps from the line of PPy that had grown to reach the substrate 

and that was suspected to be one of the possible causes of the anchoring of these 

devices. 

 

Figure 30: High magnification pictures of a PPy layer of 5 μm thickness. Laterally grown PPy 

can clearly be observed in b). 

Actuation of these flaps retrieved an even proportion of non-functional flaps (no 

motion observed at all) and flaps that partially released and flapped, and even in a 

couple of cases they released completely and flapped with good curling motion. 
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Therefore lateral growth of PPy could not be considered to be the sole reason for the 

anchoring of the devices and the lack of flapping reliability. Stronger adhesion than 

desirable of the Au layer of the flap to the polyimide had to be part of the problem, 

and so the attempted solution in the next batch of devices took into account these 

considerations. 

4.2.4 Batch 4 

As mentioned above, previous research in our lab led to the conclusion that a 

polyimide layer facilitated the release of flaps from the substrate. This result was not 

observed for the devices fabricated so far, and a new fabrication approach had to be 

developed to obtain reliably operating flaps that could release effortlessly. 

In fact, work done on Au/PPy actuators elsewhere (as for example [5]) never 

mentioned the use of polyimide as a reduction adhesion layer. Most of the devices 

were actually reported to release easily when fabricated directly on glass, silicon or 

silicon oxide substrates. Hence, our new approach was to eliminate the use of the 

polyimide layer and test the flaps fabricated on bare silicon oxide substrates. 

In addition of eliminating the polyimide deposition and patterning steps, the 

fabrication process also included a more thorough initial cleaning of the silicon wafers 

with a 30 minutes bath in aqua regia (a mixture of HCl and HNO3 at a ratio of 3:1). 

Since the focus now was on finding out the reasons behind the low release 

potential of our devices, the DRIE process was overlooked in this batch and a 200 nm 

thickness of Au for the flaps was evaporated on the samples. This had a three fold 

purpose: economizing on the process; lowering the structural resistance of the devices 

to the bending effect promoted by PPy’s volume changes (thinner Au, less stiffness, 
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more bendable flaps), which in turn was also deposited at lower thicknesses (of about 

2 μm), and to minimize the possible anchoring effect of laterally grown PPy (due to its 

thinner thickness and so to its lesser lateral expansion). 

Actuation was performed as previously reported. Pictures of one of these devices 

after PPy deposition are presented in figure 31. 

 

Figure 31: Flap after deposition of 2 μm thick PPy with a magnification picture of the 

perimeter that reveals some laterally grown PPy. 

The following observations were made during the testing of this batch: 

- Operation of the devices directly after process didn’t achieve a single release at 

applied voltages below electrolysis of water. 

- When the perimeter of the devices was cut out, again half the flaps would 

remain motionless, and the other half would partially release with only two devices 

fully releasing and flapping. Although the possibility of Au adhering strongly on the 

silicon oxide substrate could not be ruled out yet, these results seemed to confirm that 

laterally grown PPy was a powerful reason behind device anchoring and 

motionlessness, and a new batch fabrication was designed to directly prevent this 

effect. 
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4.2.5 Batch 5 

The goal of this new set of devices was to purposefully avoid lateral growth of 

PPy around the Au layer, and so to completely rule out any possible prejudicial effect 

this might have on the release of the flaps. To this end a new fabrication procedure 

was implemented, as referenced in [5], and it is presented in figure 32 below. 

 

Figure 32: New fabrication process aimed at avoiding PPy lateral growth. 

Steps A and B remained the same as before (bit with a more thorough initial 

cleaning of the substrate in aqua regia). Step C stood only for the deposition layer of 

the Au of the flaps, without any patterning so far. Just before this process, though, a 

surface cleaning in 10% HNO3 was carried out. The reason for this was that it had 

been reported that the use of Cr etchants on silicon and silicon oxide surfaces could 

functionalize these surfaces with Ce elements which in turn increased the adherence of 

Au and could hinder the flaps from releasing [5]. 

In step D the aim was to deposit PPy while avoiding at the same time any 

possible lateral growth. To achieve this, a layer of PR was first deposited and 

patterned, revealing in it windows where the Au was exposed. It was only on the Au 

exposed through these windows that PPy could be deposited, and so it could not grow 
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laterally because the PR acted as a wall to stop it. Once the PPy had been deposited 

strictly on the desired areas, the PR was stripped off. This had to be done with ethanol 

since acetone (the common stripping off agent) attacks and dissolves PPy, and 

ethanol, reportedly, does not [5]. 

Finally, step E, a new layer of PR was deposited and patterned to form a 

protective cover for the PPy. Then the remaining extra Au deposited in step C could 

be etched away without harming the PPy, and after stripping off the PR in ethanol 

again the flaps were finalized. 

Some devices fabricated in this new way are presented in figure 33 below. The 

Au thickness deposited for the flaps was 200 nm, and PPy was deposited at several 

thicknesses. 

 

Figure 33: two devices produced with the new fabrication method. a) A first device after final 

PR strip off in ethanol; b) same device showing lateral PPy containment.; c) a second device 

after PR strip off in ethanol displaying spontaneous release and curling. 

The most relevant events observed during fabrication and actuation of this new 

batch were: 

- PPy could be contained and indeed no lateral growth occurred. The size of the 

patterns in the masks to create the openings in step D and to protect the PPy on step E 
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didn’t even need to be different. This was probably explained because during step E, 

PPy had already been deposited, and so the thickness of PR was likely to be larger 

around the perimeter of the PPy given the extra thickness this PPy represented during 

the spin coating of the PR. Hence the developer didn’t fully remove this thicker area 

of the PR providing a slightly larger pattern than the windows opened during the 

previous PR work (for PPy deposition). The results after etching off the extra Au still 

present around the flaps and stripping of the PR can be observed in figure 33a and b, 

where Au can be seen slightly extending out from under the PPy layer. 

- During the final strip off of PR (that had protected the flaps for the Au etching 

process) some flaps spontaneously detached and curled up around themselves as 

displayed in figure 33c. The strip off step was performed in a beaker containing 

ethanol, and a final rinse of the devices was carried out afterwards with clean ethanol. 

The release and curling occurred right when the ethanol remaining on the flaps finally 

evaporated, not before. This effect could precisely be observed and repeated only 

when ethanol evaporated. When the released and curled flaps were submerged again in 

ethanol, their flat original position was reconstituted. This effect immediately proved 

that silicon oxide and Au were sufficiently non adhesive for the flaps to be able to, at 

least partially, release from the substrate. Henceforth, the use of a polyimide layer 

(that had been a “dogma” in our lab) was actually not necessary, and perhaps it could 

had even been a harmful addition to these devices and the reason for the poor 

repeatability of flap release that we had been experiencing all along (although to prove 

it more experiments were required). This spontaneous release of the flaps, though, was 

undesirable for the application at hand where flaps should behave as protective lids 

and remain good sealants until deliberate activation was applied. This effect could be 
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originated for several reasons. Since this new fabrication process involved using 

chemicals on already deposited PPy (PR, that contained solvents, and ethanol) it was 

feasible that PPy had endured some sort of degradation, which in turn had induced 

some internal stresses and those were responsible for the release and curling of the 

devices. But this was unlikely, because the effect was strictly observed during ethanol 

evaporation, and when submerged in ethanol again the flaps recovered their original 

shape. Hence it was more plausible that ethanol use was the strict and sole cause for 

this spontaneous flap release. And since strip off of the PR layer was essential and 

many solvents attack PPy, little options were left to try. 

In an attempt to solve this problem some flaps were submerged in DI water as 

soon as the strip off with ethanol was over, so that hopefully any surface tension 

forces experienced during evaporation of ethanol would be avoided. When water 

evaporated form the flaps, though, similar spontaneous release effects were observed. 

Hence ethanol interacted somehow with PPy, rendering it stressed as soon as it was no 

longer submerged in a solvent. 

- The actuation of these devices demonstrated partial release and flapping in 

most flaps. One of the events consistently observed was that full release was rare: 

usually only the top corners or the tip of the flaps would release and actuate, but the 

rest of the structure would remain anchored. For the devices that achieved full release, 

it was also noticed that several actuation steps were required before full release 

occurred, which was usually preceded by partial release and progressive detachment 

after each actuation step. PPy thicknesses deposited ranged from 1 μm to 5 μm, and no 

difference in actuation was apparent between them. Therefore these devices, in 

addition to the issue of lack of sealing potential due to self release, didn’t achieve 
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another of the goals that were required, which was to rapidly and reliably release 

completely from the substrate. 

The conclusion after this set of experiments was that more work in refining the 

fabrication approach should still be carried out. 

4.2.6 Batch 6 

As it was explained before, the main purpose of fabricating large flaps was to 

provide our collaborators at the University of Kentucky with initial samples that 

would be easy to manipulate so that they could begin to experiment with the sensor 

immobilization process. Since plenty of samples for this purpose had already been 

fabricated and our optimized fabrication method should be actually targeted for 

microscopic size flaps, it was decided to begin the production and testing of actual 

microdevices. 

To fulfill this aim a new set of masks was created after the design presented in 

figure 34 below. 
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Figure 34: Design for the new fabrication batch (6), incorporating 120 microflaps. 

The new fabrication procedure was used. Au 200 nm thick was deposited for the 

flaps, and 2 μm of PPy were grown on top. This time the cleaning with HNO3 before 

the deposition of Au was not carried out on purpose: The goal was to test if the 

expected higher adhesion between the Au and the unclean silicon oxide could prevent 

the spontaneous release of the flaps during the final ethanol strip off of PR and then 

test their ability to release only under activation. 

The patterning of the cavities on the back of the wafer was also carried out. 

PDMS covers incorporating channels were created with the aim of testing the sealing 

capacity of the fabricated flaps. One cover was adhered on top of the wafer, so that the 

flaps resided in the channel. Another cover was attached to the back of the wafer, so 

that the cavities were also found inside the channel. The sealing test consisted in 

injecting first an electrolytic solution in both, the top (PBS) and bottom (5 M NaCl) 

channels. Then two electrodes, connected respectively to the WE and the CE/RE of a 
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- The difference between the dimensions of the PPy and Au layers was more 

obvious this time (figure 36a). For smaller devices, this could actually represent a 

serious problem, since not enough PPy might be deposited for effective actuation. 

- Ethanol didn’t promote release of the flaps this time. Hence adherence to the 

silicon oxide substrate was stronger than in the previous case. 

- Sealing experiments resulted in negligible currents when flaps remained 

inactivated and currents up to 20 μA were found when they were released. Hence 

these flaps were effective at sealing the top and bottom solutions. 

- Actuation of the devices, using the Au CE as RE too, ended in partial to total 

release in 70% of the cases. It was observed that applying a negative potential to the 

flaps, and then stopping it, promoted faster release than directly applying a positive 

voltage (positive voltages are actually responsible for bending and release). Up to +/- 

2 V were applied, but release of the flaps never occurred immediately. Instead several 

steps were usually required. In some cases, a single negative voltage step was applied 

and then the device was left at rest. After a certain amount of time had elapsed (from 

minutes to hours) the flaps began to slowly release on their own without any bias 

being applied (figure 36a and 36b). 

Although these were promising results, better than what had been obtained up to 

now, these devices had still a low yield of release, which was also difficult to obtain 

even at voltages up to 2 V. Hence yet further fabrication and testing was required. 
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4.2.7 Batch 7 

So far two main issues appeared to prevent the quick release of flaps, while 

guaranteeing the integrity of the seal until actuation: anchoring of Au to the substrate 

and self release of flaps when in contact with ethanol. 

Therefore a final set of devices was devised, and this time they would be 

fabricated according to three different fabrication methods, to try to narrow down the 

best possible combination of steps in the previous processes. 

Process A: this was the traditional fabrication method, using polyimide. In this 

case the flaps would be patterned with the new procedure, which would impede PPy 

lateral growth. PR work for the flaps patterning would be improved, so as to avoid the 

large gap between PPy and Au observed before. Like this we would be able to test the 

effect of polyimide on the anchoring of the flaps without interference of laterally 

grown PPy. 

Process B: For this procedure polyimide would not be used at all. The silicon 

oxide surface before the deposition of the Au layer of the flaps would be cleaned with 

three different solutions of HNO3 (10 %, 50 % and 70% concentration). Doing so, the 

role of HNO3 in removing impurities that would increase Au adhesion to silicon oxide 

would be tested. Finally the patterning of the flaps would be done in both, the new 

procedure (to prevent PPy lateral growth) and the traditional (allowing PPy lateral 

growth). This would also provide an insight on the actual magnitude the laterally 

grown PPy had in the suspected anchoring of the flaps. 

Process C: Now devices would be fabricated exactly as in process B, but in this 

case, after deposition of Cr/Au for the contacts, some small extra areas would be 

allowed to remain on the wafer after etching. These areas would serve as anchor 
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points, situated on the corners of the flaps and partially beneath them (as shown in 

figure 37). Their goal was to increase adherence of the flaps on the substrate, so that 

they would hopefully not experience self release during final PR strip off in ethanol. 

These devices didn’t incorporate cavities to perform sealing experiments, since 

their main objective was to assess their release performance. The Au layer of the flaps 

was 100 nm thick, and PPy was deposited at thicknesses from 1 μm to 2 μm. 

The design of the new devices is illustrated in figure 37 below. 

 

Figure 37: Design for devices of batch 7. Each wafer included 28 chips: 8 for process C (with 

anchors) and 20 for processes A and B. Each chip is 1 x 1 cm and contained 40 microflaps. 

The following observations were made after fabrication and testing of devices 

fabricated according to the three different methods. 

- Process A: The release of flaps was impossible. Even at voltages were 

electrolysis of water happened, no detachment (not even partial) of the devices was 
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ever achieved. This demonstrated that the polyimide layers fabricated with the new 

solution adhered very strongly to Au, and therefore polyimide use should be avoided. 

- Process B: Devices produced following the new fabrication approach, with PR 

work to stop lateral growth of PPy, had a tendency to spontaneously release after 

ethanol strip off, no matter if the final rinse was carried out in water or clean ethanol. 

As before, this effect was observed as soon as the solvent evaporated. Samples 

previously cleaned in 70% HNO3 solution released very quickly, figure 38a. Devices 

cleaned in more diluted solutions of HNO3 experienced a slower spontaneous release 

(several rinses in ethanol were required to achieve the full releases shown in figure 

38b). Isoporpanol was also tested as a strip off agent, but in addition of being a poorer 

PR stripper than ethanol, the resulting effect, although slower, was eventually the 

same. 

 

Figure 38: Post ethanol PR strip off self release of flaps produced using process B (no 

polyimide) with PPy lateral growth stop method. Cleaned in HNO3 a) 70 %, b) 35 %. 

For all samples if a careful and quick strip off of PR in ethanol was performed, 

less self release cases were obtained. Also, the smaller the concentration of HNO3 that 

was used for the cleaning process, the less flaps would spontaneously release. When 

these samples were actuated, usually applying a 1 V square function vs. an Ag/AgCl 
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RE, some interesting results were obtained, as shown in figure 39. For flaps cleaned in 

70 % HNO3 that had not spontaneously released during PR strip off in ethanol, quick 

and thorough release was observed in some cases after applying a -1 V step function 

for less than 10 s (figure 39a and 39b). For devices where the cleaning was carried out 

in smaller concentrations of HNO3 only partial release was usually reached after the 

same actuation conditions for several minutes (figure 39c and d). 

 

Figure 39: Actuation of flaps fabricated according to process B (with PPy lateral growth 

stop) and under careful PR strip off in ethanol. a) Device cleaned in 70 % HNO3 while at – 1 

V activation for 10 s, b) same device after releasing the applied function. Devices cleaned in 

35 % HNO3; before (c) and after (d) applying a 1 V - 1 Hz square function for 3 minutes. 

- Process B: When the fabrication was carried out without using the PPy lateral 

growth stop method, the produced flaps were active and could be released upon 

actuation. It was observed that the concentration of HNO3 at which the devices had 

undergone cleaning before deposition of the Au layer of the flaps, was again a critical 

parameter affecting the ease of release of the devices. Flaps that were cleaned in 10 % 

HNO3 released eventually after applying several hundreds of -/+1 V cycles in PBS. If 

a 35 % solution had been used, release would be achieved earlier (in the range of tens 
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of activation cycles). But for devices cleaned with a 70 % solution of HNO3 release 

would be achieved almost immediately upon activation. Only a single step cycle 

(sometimes two) of -1 V during 10 s would usually suffice to release the flaps. Not 

even a positive voltage would be required: as soon as the flaps were brought at rest 

after the -1 V step function, they would release. This can be observed in figure 40, for 

a flap initially at rest, then under a -1 V activation step, and then left back to rest. 

 

Figure 40: Actuation of flaps fabricated according to process B, without PPy lateral growth 

stop and cleaned in 70 % HNO3. a) – 1 V activation for 10 s; b) same device after release of 

the applied function. 

- Process C: Devices fabricated using the PPy lateral growth stop method, also 

suffered from spontaneous release when in contact with ethanol. None of the sets of 

anchoring areas implemented (which included sets with 1, 2 and 4 anchoring spots of 

several dimensions each) worked efficiently enough to stop this effect. Figure 41 

presents a chip with devices of this type, and illustrates this self release effect. 
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Figure 41: Flaps fabricated after process C. a) chip was submerged in ethanol; b) ethanol 

dried out and flaps spontaneously released; c) ethanol was added again, and flaps, generally, 

recovered flat position; d) when ethanol dried again, flaps curling was even larger. 

- Process C: Devices fabricated using the PPy without the lateral growth stop 

method, delivered identical results as the previous fabricated set (process B) which 

didn’t incorporate predesigned anchored areas. Hence this stop mechanism didn’t 

really pose an apparent impediment to the release of the flaps. 

The conclusions reached after this set of experiments were: 

- Polyimide was not a reliable release promoter for Au/PPy flaps. Hence it 

should be avoided. Silicon oxide (and also glass, as it will be demonstrated after the 

fabrication and testing of micro mixers) presented low enough adhesion to Au as to be 

used directly as substrates. 
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- Cleaning the surface of the substrates with HNO3 was necessary to prevent 

adhesion between Au and the silicon substrate. This was possibly promoted by the 

functionalized of silicon after Cr etching (as reported in [5]). It was found that a 

cleaning with concentrated HNO3 (at 70%) relieved adhesion more thoroughly than 

more diluted concentrations. 

- Pre-patterned Cr/Au stops to help anchor flaps to the substrate didn’t pose any 

difficulty to the various processes promoting release of these devices. 

- Lateral growth of PPy didn’t appear to be a major cause for anchorage of the 

flaps to the substrate if these had been fabricated on thoroughly cleaned silicon. 

- Processing steps after deposition of PPy (PR work, contact with solvents, ...) 

was a source of damage or self release of the devices. Hence PPy deposition should, in 

general, be carried out last, and contact of PPy with chemical agents should be 

avoided at all times. 

4.2.8 Batch 8 

This set of devices was produced according to the optimized fabrication process 

that is presented in figure 42. This time the cavities on the back of the substrate were 

etched, to allow the testing of the sealing capacity of the devices. Also some of these 

samples were sent to our collaborators in the University of Kentucky so that they 

could carry out the final immobilization of the sensors, and so the long term testing of 

the functionality of both, sensors and flaps, could be performed in final, integrated 

devices. 
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Figure 42: Final fabrication process: A) Cleaning of substrate with aqua regia. B) Deposition 

of Cr and Au for contact pads; etching of extra Cr/Au. C) Cleaning of the substrate with 

HNO3 70%. D) Deposition of Au for the flaps; etching to pattern. E) DRIE to obtain the 

cavities on the bottom of the substrate. F) Electrodeposition of PPy. 

To obtain initial data on long term release and sealing capabilities of the flaps 

alone (without the immobilized sensors on the back) some of these devices were tested 

in our lab. Also the relative importance of the ratio of PPy to Au thickness was tested. 

The Au layer of the flaps had a thickness of 100 nm, and PPy was deposited on several 

chips with thicknesses from 500 nm to 10 μm. The results of these experiments are 

presented below. 

- The release of the flaps fabricated was, practically for all cases, immediate 

when a step voltage of -1 V was applied for 10 s and then released. Samples with PPy 

thicknesses smaller than 1 μm didn’t release, not even partially, and upon extensive 

activation PPy consistently ended up delaminating from the Au. Devices with PPy 

thicknesses larger than 5 μm (Au:PPy ratio of 1:50), though, usually released only 

after several activation steps were applied. Images of these experiments are presented 

in figure 43. 
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Figure 43: Release experiments: before (top) and after (bottom) a 10 s activation step from -1 

V to 0 V. The thicknesses of PPy and the number of activation cycles ran were: a) 1 μm, one 

cycle; b) 2 μm, one cycle; c) 3 μm, one cycle; d) 5 μm, 4 cycles; e) 10 μm, 20 cycles. 

As observed in the figures, flaps with thicknesses larger than 5 μm didn’t bend 

much, although they indeed achieved full release. 

Square functions were also used, after release of the flaps. The maximum 

frequency at which flaps experienced bending of at least 90 º was found to be 4 Hz, 

but usually this required voltage amplitudes of up to 1.6 V vs Ag/AGCl. At higher 

frequencies, the actuators would flap faster but at the cost of losing motion amplitude. 

- Long term functionality of these devices was also tested. For this purpose, after 

fabrication, the chips were kept in 0.1 M PBS at room temperature. Once a week the 

devices were rinsed, dried and tested for release functionality. The results 

demonstrated that devices were operational after 4 months, with no apparent decrease 

in performance. Actually, devices that had been longer in the PBS solution seemed to 



 77

perform better in terms of ease of release, and either fewer activation steps or lower 

voltages (down to -0.8 V) were necessary to obtain the same initial results. 

- Also long term tests for sealing capacity were run. These tests were carried out 

in the same fashion described in figure 35. But in this case, no PDMS channels were 

used. Simply, the devices were wetted from the top and from the bottom of the flap 

that was being tested, with drops of PBS solution at atmospheric pressure. Then a CA 

test between a WE and a RE was run both, before and after flap release, as illustrated 

in figure 44. 

 

Figure 44: Release experiments: before (top) and after release. 

The currents for both experiments were almost identical (in the order of several 

nA). When both electrodes, though, were submerged in the same droplet of PBS 

solution, the current raised to several tens of μA. This indicated that when the flaps 

had been released, no actual contact between the solutions on top and below occurred. 

Sealing experiments ran during testing of devices fabricated in batch 2 demonstrated 

unreleased flaps actually posed a barrier of ion transport between both solutions. But 

then, those experiments were run for electrolytes in channels, where the pressure was 

likely to be higher than atmospheric. Therefore it was suggested that at atmospheric 

pressure, surface tension effects on the cavity patterned through the silicon wafer 

prevented both solutions from ever establishing contact. Indeed, when only one 

droplet of PBS was deposited on top of the cavities, and the bottom was dry, no 
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infiltration of solution was observed on the bottom of the chip. But when solution was 

injected on the top channel of a device from batch 2, a leak was clearly observed 

through the bottom hole of the substrate. Although this effect impeded actual 

measurements on the effectivity of the seal, clearly these tests were not required since 

surface tension forces would maintain the interior of the cavity (and so the sensor 

immobilized on the back of the flap) isolated and dry from the aqueous surroundings. 

- Experiments to measure the charge required for actuation of the flaps were also 

carried out. Since the PPy deposition process for these devices was performed without 

using any stop mechanisms, PPy grew not only on top of the Au of the flap, but also 

on top of the contact lines. Therefore the charge measured was not exclusively 

attributable to the redox process on the flap, but also for the rest of the PPy present. In 

any case, the extra PPy on the contacts was never grown over an area larger than 10 

times the area of the flaps, and so as an approximate measure on the order of 

magnitude of the charge required for flaps actuation this experiments were still 

considered useful. On average, a step function from -1 V to 0 V consumed during the 

first second (which was enough time for the flaps to reach their final position) charges 

from 5 to 25 μC, for the two flaps of each system. The reverse step consumed, again 

during the first second and for two flaps, from 10 to 100 μC. 

With these experiments and observations, it was proven that the flaps fabricated 

in this fashion were reliable actuators with full release capacity for at least 3 months. 

They also required low voltage for activation and the charge consumption was 

relatively low (low enough so they could be run on microfabricated batteries [48]). 

Also, their configuration could effectively isolate the contents of cavities patterned on 

the substrate below, as long as the environmental pressures of the fluids around the 
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cavity were not much larger than atmospheric (which are usually small, in the order of 

10 mm Hg [49]). 

Further work is still in progress for this project. This will include the 

immobilization and long term testing of functionality of the sensor and eventually the 

development of an implantable device. 

4.3 Initial micromixing experiments 

Several electrochemical experiments were completed to test the ability of the 

devices fabricated according to section 3.2.1 to improve mass transport convectively. 

These devices were fabricated before the optimized fabrication process presented in 

the previous section was developed. Hence, the traditional fabrication method using 

PIRL III polyimide as a release promoting layer was used, and success in release and 

flapping of these devices, as explained below, was of the order of 50 %. 

Mostly only CA experiments were run (although for characterization purposes 

some cyclic voltammetries were also run), using K4Fe(CN)6 at different initial bulk 

concentrations, C*. A scheme of the setup used in all the experiments is presented in 

figure 45. 

 

Figure 45: Scheme of the electrochemical and flap-actuation experimental set-up. 
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The potentiostat used was a Gamry FAS2 femtostat. The WE was the Au Redox 

sensor, which had been deposited on the same substrate as the flaps during the 

contacts patterning step of Cr/Au metal layers. The RE was an Aldrich Ag/AgCl 

reference electrode. The CE was created by using a large surface area of Cr/Au bilayer 

deposited on glass. 

The various experiments performed and the results obtained are presented in the 

sections below. 

4.3.1 Current-Potential (i-E) experiments 

This set of experiments was carried out in order to determine the Fe(CN)6
4- ion 

electron transfer reaction kinetics and so to find out the reaction-limited and mass 

transport-limited conditions [46] for this species in PBS electrolyte. 

For different initial concentrations of Fe(CN)6
4-, C* ranging from 0.1 M to 10-5 

M, a current-potential curve at different CA times (τ ranging from 5 to 25 s) was 

constructed. The data collected from these experiments is presented in the i-E curves 

illustrated in figure 46. 

 

Figure 46: i-E curves for Fe(CN)6
4- in PBS. 
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The diffusion-limited plateau of the i-E curve for the oxidation of Fe(CN)6
4- 

began around 0.3 V. Thus, a 0.4 V (and sometimes 0.5 V) was established as the 

standard potential at which the CA experiments were to be performed, so that the 

response of the sensor would solely be a mass transport dominated process (and any 

relevant mass transport effects caused by the moving flaps on the fluid surrounding the 

sensor could be detected). 

4.3.2 Noise treatment 

Two types of CA experiments were run for every sample of each of the three 

different types of devices tested (sensor near flap, sensor on flap, and sensor near 

microflaps): diffusion-limited blank experiments and stirring experiments. 

In the diffusion-limited blank experiments, the CA tests were run on the sensor 

using different initial Fe(CN)6
4- concentrations (from 0.1 M to 10-5 M). No Fe(CN)6

3- 

was initially present (although it is conceivable that some amount was produced 

during initial experiments and so a trace concentration would be present in the final 

experiments). The diffusion-limited response of the sensor was recorded and an 

example is given in figure 47. 
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Figure 47: Typical diffusion-limited response for several CA experiments. 

For the stirring experiments, the same CA test was run, but this time the flaps 

were actuated. All data was video-taped, including the real-time movement of the 

flaps and the amplitude/frequency of the applied sinusoidal functions. 

During initial stirring experiments, it was clear that a strong interference was 

experienced on the sensors signal. The nature of this coupling could be double: 

electromagnetic interference (EMI) and chemical interference. 

EMI was induced on the sensor from the electrically driven flaps. EMI can be 

caused by three main reasons: conductive, capacitive or inductive coupling. In the first 

case several electrical circuits share the same physical pathway, and they interfere 

with each other conductively. Capacitive coupling happens when several electrical 

circuits have components in close proximity and at least one of them is under a time-

varying electric field. Under these circumstances a capacitance between the circuits is 

generated, which couples both circuits. Finally, the third source for EMI is inductive 
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coupling. This occurs when a “noise” magnetic field (which can in turn be generated 

by a varying electric field of a “noise” circuit) reaches a “signal” circuit. 

When experimenting with miniaturized electronic devices, capacitive and 

inductive phenomena will have a big impact on any electrical signal measurements, 

mostly because the distances between interfering (“noise source”) and signal circuits 

are very small, usually microns in size. Therefore a proper method for filtering the 

signal needed to be designed in order to decouple any noise generated by the actuating 

flaps on the sensor. 

It was also conceivable that chemically-induced interferences could also take 

place: the real bulk concentration, C*, of Fe(CN)6
4- in the vicinity of the sensor could 

change over time due to reduction/oxidation of the Fe(CN)6
3-/4- couple on the surface 

of the electrically charged flaps, which probably behaved as Redox electrodes 

themselves. Therefore, when a CA experiment was run on the sensor, if the C* was 

changing over time, the observed CA current would be changing proportionally. 

Also, during initial tests, it was observed that these interferences were clearly 

coupled with the applied function on the flaps (when a sinusoidal function was applied 

on the flaps, a sinusoidal CA response on the sensor was observed). A method was 

therefore needed to filter the intrinsic response of the sensor (due to mass transport 

effects) from the interferences promoted by the electroactive flaps (that created EMI 

and concentration gradients). 

For this purpose a third set of experiments, noise blank experiments, were run for 

each device configuration. They were like the previous CA stirring experiments with 

the difference that this time the Au/PPy flaps were substituted by the flap’s Au 

substrate layer without deposited PPy, which behaved as a motionless interfering 
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electrode of the same dimensions as the working flaps. The goal of this new set of 

experiments was to test the nature of the interfering phenomena under diffusion-

limited circumstances. If the interferences were to be additive (“building up” on the 

underlying diffusion-limited signal, as shown in figure 48) they could be filtered by a 

simple numerical method capable of removing periodical effects. 

 

Figure 48: Ideal behavior of the EMI and Redox interferences, which could be filtered by a 

numerical method capable of removing periodical components  

If successful, the same technique could be used then to filter the results of the 

stirring experiments. Comparison of the results of the “clean” stirring experiments 

and the diffusion-limited blank experiments would give a final answer on the ability of 

the fabricated microactuators to improve mass transport by creating convective mass 

transport (increasing what otherwise would be a diffusion-limited process). 

The numerical method developed to eliminate the induced periodic perturbations 

that obscured the intrinsic signal is presented here. The CA response from the noise 

blank experiments was a current vs time data series that, depending on the time-scale 

of the experiment and the frequency of data acquisition (usually 0.01s), typically had 

30,000 points. To effectively remove periodic components from the underlying signal, 
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a set of new series was iteratively created. Each point of the new series was created by 

taking the average of 11 points of the previous series. These 11 points consisted of: 5 

points that immediately preceded the data point of interest, the data point itself, and 5 

points that immediately followed the considered data point. By iteratively repeating 

this process (typically 200 iterations) a final series was obtained, where the periodic 

components of the initial series were no longer present and the underlying signal was 

left undisturbed. This method is illustrated in figure 49. 

 

Figure 49: Numerical method for removal of periodic perturbations on an underlying signal. 

Figure 49 also shows an example of a typical noise blank experiment, where an 

induced sinusoidal signal (purple) is building up on the underlying intrinsic signal 

(blue). This intrinsic response is only clearly observable after the numerical method is 

applied to remove the periodic interference. 
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The proposed numerical methodology would be applied in stirring experiments 

after verification that the results of the noise blank experiments treated with the 

numerical method presented had matched the results of the diffusion-limited blank 

experiments. 

Before conducting the final stirring experiments (CA on the sensor plus flap 

actuation), diffusion-limited blank and noise blank experiments were conducted to test 

the validity of the assumption that the interferences were added to the mass transport-

limited signal. Some illustrating results obtained during these experiments for the 3 

different configurations of devices are presented in the figures below. In addition to 

the mentioned results, the figures also include the results of the numerically treated 

noise blank experiments. 

For sensor near flap devices, a typical experimental result can be observed in the 

following figure 50. 

 

Figure 50: Noise experiment for a sensor near flap device. 



 87

In this experiment the smallest device of this type was used. Thus, the distance 

between the interfering electrode and the sensor was the minimum for this set of 

devices, so the largest possible interference had to be experienced. In the CA 

experiment presented, a sinusoidal function was applied on the interfering electrode 

with different amplitudes (purple line in figure 50). For applied biases of less than 3 V, 

treatment with the numerical methodology to remove interferences (as described in 

figure 49) produced a signal (green line), identical in shape to the diffusion-limited 

experiment (blue line), with 98% of the filtered data fitting within a 3 % boundary 

from the diffusion-limited signal. 

For Amplitudes of 3 V and higher, the interference became more complex and 

they could not be treated as simple periodical signals that built up on the mass 

transport-limited underlying signal. In addition, when hydrolysis took place, as for the 

given example at 4 V amplitude, some additional interfering phenomena (mass 

transport due to bubbling and new Redox species formation) could alter the sensor 

readings. Since amplitudes below 2 V are usually sufficient to obtain good motion 

amplitudes with the devices, this filtering method was considered to be suitable. 

For the sensor on flap configuration, tests were conducted on devices that were 

successfully insulated (for insulating layers thicker than 4 μm, either in SU-8 or 

polyimide). Figure 51 illustrates one of these experiments. 
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Figure 51: Noise experiment for a sensor on flap device. 

The tested device was fabricated with an insulating layer of SU-8 of 10 μm. For 

applied bias of up to 3 V, the CA response of the sensor (purple line) filtered with the 

numerical methodology described above (green line), matched the diffusion-limited 

blank experiment response (blue line). It should be noted that under these conditions 

some bubbling was observed on the flap, but this didn’t seem to affect the sensor 

reading (that was situated 10 μm away on top from the reaction promoting electrode). 

Again, 98 % of the filtered data was found within a 3 % boundary of the diffusion-

limited signal. 

For sensor near microflaps devices, a typical result is given in figure 52. 
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Figure 52: Noise experiment for a sensor near microflaps device. 

Similarly to the experiments described above, the noise blank experiments, after 

treating the signal with the numerical method, had the same shape than the diffusion-

limited blank experiments if the applied bias did not exceed certain values (in the 

presented case 2 V Amplitude and 5 Hz Frequency). 

These experiments proved that, under certain limitations, the interference that 

disrupted the sensor readings could be filtered. It is worth mentioning that these 

experiments were all performed with interfering electrodes located as close as possible 

to the sensor. Hence, all possible interferences (EMI and chemical) were maximized, 

and nevertheless removed. Therefore, the same should also be valid for the stirring 

experiments (with the considerations introduced below). 

During flap actuation the interfering electrodes were in the closest proximity to 

the sensor (and thereby interfered maximally) when the applied bias was negative, 

while at positive bias they were contracted and so far away from the sensing area with 

which they interfered. Therefore it was likely that the interferences would be more 
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pronounced under the negative phase of the actuation cycle. Thus, for EMI effects 

(that are very sensitive to distance) this meant that the CA signal of the sensor would, 

in the worst case scenario, experience a negative drift. 

Regarding chemical interference, positive bias on the flaps would oxidize 

Fe(CN)6
-4 to Fe(CN)6

-3 (as happened on the sensor), while negative potentials would 

do the opposite. Thus when the flaps were the closest to the sensor, the species 

reacting with the sensor would be produced, and this could create a positive drift on 

the sensor’s signal. Nevertheless Fe(CN)6
-3 was not initially present in solution and it 

was only generated on the sensor’s surface, while Fe(CN)6
-4 was the only initial 

species present. Then the maximum effect of the interfering flaps could only be to 

maintain Fe(CN)6
-4 at its initial bulk concentration (but never higher), a condition 

assumed for all regions except for the diffusion boundary layer, which could certainly 

be modified due to this Redox interference in the sensor near microflaps devices. But 

if this was to be the case, and the presence of the interfering electrode would alter the 

diffusion boundary layer so to maintain its concentration closer to the solutions’ bulk 

concentration, a positive drift on the “clean” noise-blanks with respect to the diffusion-

limited blanks would already had been observed. Because this was not the case, the 

positive drift-effect that this interference would possibly have on the future stirring 

experiments was considered irrelevant to the final results. 

To summarize, only a negative drift could be induced during the stirring 

experiments as a result of EMI interferences due to the motion of the flaps. Therefore, 

the interferences could only act by reducing the current signal obtained during the 

stirring experiments, and so the reported results of the stirring experiments are 

conservative (i.e. at least as good as reported below). 
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4.3.3 Chronoamperometric experiments 

In this chapter the most relevant experimental results are presented for each of 

all device configurations tested. 

Sensor near flap stirring experiments: The CA response on the sensor, together 

with pictures of the position and shape of the flaps at different times during the most 

relevant two experiments, are presented in figures 53 and 54. 

They demonstrated that the effect of a single flap (with dimensions of 10 x 0.5 

mm in figure 53 and 5 x 0.25 mm in figure 54) could add up to a 100% of the initial 

diffusion-limited signal. 

From these experiments it can be readily seen that when the flap was either 

motionless or moving away from the sensor area, the signal on the sensor was only 

affected by periodic effects. However, when the flaps moved at high motion 

amplitudes and returned to their initial flat position on every cycle, closest to the 

sensing electrode,, it was observed that the signal on the sensor (after the periodic 

interference was removed), was larger than the signal of the previous diffusion-limited 

blank experiments. Therefore, it was concluded that the increase in the sensor signal 

was due to effective convective mass transport induced by the flow fields promoted by 

the moving flaps, but for this to be true, flaps needed to be actuated at large motion 

amplitudes and return to their initial flat position. 
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Figure 53: Stirring experiment for a sensor near flap (10 x 0.5 mm). 
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Figure 54: Stirring experiment for a sensor near flap (5 x 0.25 mm). 



 94

Sensor on flap stirring experiments: The best movement results (for successfully 

insulated devices) were achieved for flaps with 4 μm thick SU-8 insulation layer. 

Below there is a diagram illustrating the fabrication process for these flaps. 

 

Figure 55: Fabrication process for sensor on flap devices. 

Figure 56 shows the results of this experiment. As it can be seen, once the 

periodic interference was cleaned from the noisy signal, there was no appreciable 

difference between the diffusion-limited blank and the stirring experiments. Hence, for 

this particular device, the motion of the flap didn’t create any substantial convective 

effect affecting the sensor reading. The remaining devices tested behaved in a very 

similar manner. The use of an insulating layer dramatically increased the stiffness of 

the devices, and the amplitude of the flapping was greatly reduced. Therefore, this 

could have been the reason behind the lack of increase in the signal. 

Sensor near microflaps stirring experiments: For all the configurations of these 

devices (except for the 2 flaps off-phase configuration), several experiments were run. 

The most relevant results for each are shown below: 2 flaps in-phase in figure 57; 6 

flaps in-phase in figure 58 and 6 flaps off-phase in figure 59. 
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Figure 56: Stirring experiments for a sensor on flap (10 x 0.5 mm). 
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Figure 57: Stirring experiment for sensor near microflaps, 2 flaps in-phase configuration. 
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Figure 58: Stirring experiment for sensor near microflaps, 6flaps in-phase configuration. 
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Figure 59: Stirring experiment for sensor near microflaps, 6 flaps off-phase configuration. 



 99

From these experiences it was extracted that the noise experienced was 

extremely random, and it did not follow the previous additive patterns observed in 

noise blank experiments. Since the noise removal method could not be assumed to 

effectively remove the interferences, no conclusion could be reached about convective 

mass transport effects promoted with this experimental setup. The divergence in the 

noise behaviour during stirring experiments and noise blank experiments was 

attributed to the varying time position of the actuators, which were moving in the first 

case and motionless in the second case. EMI is highly influenced by the distance of 

the coupled circuits, and so the fact that our interfering electrodes were in motion was 

the most probable cause for the non additive response of the interferences. 

4.3.4 Observations of flap actuation 

From the experience of actuating a wide variety of devices during this set of 

experiments, the following observations were made regarding flap actuation 

properties. 

- The flaps that experienced larger motion amplitudes approached a ratio of 

Au/PPy thickness of 1:10. Growing thicker PPy layers would either result in 

motionless flaps or very low motion amplitudes. Thinner PPy layers would not be able 

to exert a sufficiently large stress on the device to detach it from the substrate, and PPy 

would delaminate and crack before actuation was observed. 

When the Au layer of the flaps was made thinner than 50 nm, their continuity 

was compromised: small breaches and areas of poor Au deposition could be observed. 

This was likely due to limitations of the e-beam thermal evaporation method used to 
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deposit Au. Therefore the fabrication of flaps with Au layers thinner than 100 nm was 

not attempted for these set of devices. 

- When a steady positive DC bias was applied on the flaps, they would assume a 

specific position, with each particular position corresponding to a particular voltage 

applied. This applied voltage – flap position correlation was observed for both voltage 

increase (to activate the flap) and for voltage decrease to bring the flap back to its 

original position. Once the DC bias was relieved, the flap would recover its initial flat 

position (unless many cycles of actuation had already been carried out with that 

particular device, as explained below). 

- Before the presented devices were fabricated, some initial experiments were 

run with flaps of various dimensions to study the motion characteristics of the Au/PPy 

devices that we were able to manufacture. These initial experiments were also run to 

verify that the experimental setup (PPy deposition equipment, function generator, etc.) 

was adequate to run the CA experiments. 

After testing these initial flaps and all the later fabricated devices with a wide 

variety of different flap characteristics and sizes, an approximate geometrical model 

on how the flaps moved was generated. The model was constructed for flaps of a 

length/width ratio between 20:1 and 10:1, lengths from 1cm to 380μm, PPy/Au 

thickness ratio of 10:1, and Au thicknesses of 300 to 100 nm. 

Flaps with smaller length/widths ratios tended to exhibit a large degree of 

“twisting” secondary motions as shown in figure 60a, while flaps with larger 

length/width rations tended to curl several times on themselves into a spiral 

“corkscrew” shape, as in figure 60b. 



 101

 

Figure 60: Secondary “twisting” and “corkscrew” motions. 

The approximate shape observed on the majority of flaps during actuation is 

presented in the geometric model of figure 61. 

 

Figure 61: Flap motion geometric model. 

- It was also observed that when the flaps were actuated with the same applied 

function for a certain amount of time, the general tendency of all flaps was to lose 

their ability to recover initial flat position. The longer the flaps were actuated, the 
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further away from their starting position they would finally be found flapping (figure 

62a), progressing over time towards a fully contracted and motionless final stage. This 

effect was observed to progress more rapidly when the flaps were actuated at higher 

amplitudes and frequencies. 

Also, when the applied function amplitude was increased, the flaps would cover 

larger distances. Therefore, when after being actuated for a certain time the flaps 

wouldn’t recover their initial flat position, a sufficient increase of the function 

amplitude could usually drive them back to it again (figure 62b). 

Finally, it was also observed that when the frequency of the sinusoidal function 

was increased, the flaps would move faster, but their movement amplitude would 

decrease and their position would be further away from the flat initial stage (figure 

62c). 

 

Figure 62: Effects of time and applied function on the motion of the flaps. 

- Another important feature observed during these experiments was that the 

smaller the devices, the faster they flapped for the same relative motion amplitude. 

Sensor near flap devices could flap back and forth from flat initial position to an 
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approximate 90º bended final stage at a maximum of 1 Hz. Faster actuation 

frequencies would deliver smaller ranges of motion. Sensor on flap devices were 

usually very stiff due to the presence of the insulating layer. Therefore their actuation 

performance was even worse. For sensor near microflaps devices, the same 90º motion 

could be achieved at frequencies up to 3 Hz, which was the fastest flapping observed 

among all tested devices. 

- It is also interesting to illustrate some findings about flap motion observed in 

some experiments. For sensor near flap devices, it was possible to observe that the 

motion of some of the largest flaps was non reciprocating, meaning that the shape 

adopted by the flap during the upwards stroke was different than the shape adopted 

during the downwards stroke. Hence, it was possible that these devices could behave 

as flexible propellers, as illustrated in figure 12. Nevertheless, this non reciprocal 

motion was not observed in miniaturized devices. The explanation could be that in 

miniaturized devices since the thicknesses of the Au and PPy was the same as in the 

larger flaps, the stiffness of the microflaps was relatively larger and so the fluid flow 

interactions with the beam were less likely to affect its bending so to induce non 

reciprocal upwards and downwards strokes. Two videos illustrating the bending shape 

of two devices, a single flap of size 10 x 0.5 mm and 6 microflaps 380 x 38 μm, are 

included in the appendixes as an illustration of this effect (video 1 and video 2, 

respectively). 
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4.4 Fluorescence experiments 

Before introducing the experimental setup and the results obtained during these 

experiments, a brief illustrative introduction on some other work that was carried out 

in parallel is introduced. 

4.4.1 Numerical modeling of flows promoted by cantilever beams in microchannels 

R. A. Lambert, from the group of Prof. R. H. Rangel at UCI developed a 2-D 

numerical model to study the flow patterns that thin cantilever beams could promote in 

microchannels [50]. A coupled fluid-solid interaction approach was developed. The 

fluid flow was strictly driven by the action of the flaps. The flaps were modelled as 

very thin cantilever beams anchored at the bottom of a microchannel. An evenly 

distributed load was applied to the top surface of the beams, simulating the effect of 

the stresses that PPy causes on the subjacent Au layer. The hydrodynamic forces 

exerted on the beams were also accounted for in the model. The beams’ mechanical 

properties, as well as the viscosity and the dimensions of the cantilevers and the 

microchannels, could be switched at will, and therefore a theoretical insight on the 2-D 

flow fields promoted on the cross section of the microchannels could be obtained. 

By incorporating additional features in this model, certain effects could also be 

approached theoretically. The findings that inspired some of the experiments that will 

be presented in the next sections are introduced below. 

Diffusive micromixing: In one of these simulations, the microchannel was 

divided in two regions occupying one half of the cross section each. One region 

contained a solvent with a dissolved molecule (the initial concentration and diffusivity 

of which could be assigned at will) and the other only solvent. By switching the 
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mechanical characteristics of the beam (stiffness, dimensions) the concentration 

gradients developed across the cross section of the channel could be evaluated in time 

under different conditions. Some of the findings obtained with these simulations are 

presented below. 

- Cantilever beams with a length equal to 2/3 of the height of the microchannel 

were found to deliver the best mixing performance among flaps of several lengths. 

- Flexible beams that experienced non reciprocal motion (due to hydrostatic 

force effects), were more effective in creating flow patterns that enhanced diffusive 

mixing than rigid beams below actuation frequencies of 4 Hz. 

- At frequencies higher than 4 Hz, rigid beams under sufficiently large applied 

loads (and so experiencing large enough motion amplitudes) were actually found to be 

more effective than flexible beams (which experiences lower motion amplitudes under 

the same conditions). Even in these microscopic environments Re numbers of the flaps 

(Ref) could become higher than one (actually Ref up to 100 were calculated for flexible 

flaps at 4 Hz). 

Therefore, it was likely that sufficiently powerful inertial effects occurred under 

these conditions, and reciprocatingly moving rigid beams could achieve better mixing 

performances. 

Some of these results are illustrated in figure 63 below. 
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Figure 63: (a) Effect of flaps length and channel height ratio in mixing under identical 

conditions, for ratios of 0.3 (1), 0.6 (2) and 0.8 (3). (b) Effect of the rigidity of the flap under 

identical conditions at frequencies below 4 Hz for (1) flexible and (2) rigid beams. 

Non-diffusive micromixing: Another simulation conducted by R. A Lambert 

consisted in seeding a well defined area contained in the cross section of the 

microchannel with particles of a tracer not dissolved in the fluid and which had null 

diffusivity. Again, by actuating flaps of different characteristics clear pictures of the 

position of the tracer particles could be obtained. One of these experiments is 

illustrated in figure 64 below, which shows a rigid beam, flapping with reciprocal 

motion, at a frequency of 4 Hz [51]. A video of the complete simulation can also be 

found in the appendixes, video 3. 
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Figure 64: Non-diffusive tracer in a microchannel with a rigid flap actuated at 4 Hz. Images 

taken during the (a) first, (b) third and (c) fifth cycles of actuation. 

The simple visualization of these results led to the immediate realization that 

these beams were effective micromixers, in the terms described in [38, 27], because 

they promoted flows that resulted in the stretching and folding of fluid elements. This 

is exactly the type of behaviour observed in all microdevices that generate mixing 

under the chaotic advection principle. 

4.4.2 Experimental setup 

To perform mixing and tracking experiments several parts of equipment were 

fabricated as described in the following subsections. 

Microflaps: These devices were fabricated on glass slide substrates. Initially they 

were manufactured following the traditional fabrication process, but as soon as the 
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new optimized process presented in section 4.2 was developed, their fabrication was 

adopted accordingly. Nevertheless, the performance potential of some of the devices 

was halved (setups 4 and 6 in figure 19) due to some incompatibilities between their 

design, based on the traditional fabrication process, and the implemented new process. 

But the overall improved success rate of release and actuation with the remaining 

devices paid off for it. The Au thickness of the flaps was 100 nm and PPy was 10 to 

20 times thicker. 

To optimize resources and time, in addition to devices aimed at fluorescence 

experiments, devices envisioned for surface-bounded reaction rate enhancement 

experiments (figure 22) were also fabricated on the same substrates. The finalized 

samples, as photographed in figure 65, contained a total of 40 devices: 16 designed for 

particle tracking experiments and 24 aimed at surface reaction enhancement 

experiments (which could in turn be used for fluorescent experiments also). 

 

Figure 65: Glass slide substrate with 40 devices. Each row (6) serves as a contact line to 

electrically reach all actuators, placed between lines. Each column (8) contacts 5 devices. 

PDMS microchannels: To produce microchannels on PDMS, first a mold with 

the opposite patterns had to be fabricated. This was done by patterning SU-8 on top of 

a glass slide. Initially the glass slide was cleaned with DI water and isopropanol. Then 

it was rinsed and dehydrated at 120 ºC for 15 minutes. Afterwards an adhesion 
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promoting prime (HDMS) was spin coated on the substrate and cured at 95 ºC for 20 

minutes. A first layer of SU-8 2000, 200 μm thick, was initially spin coated on the 

substrate. Following the recommended soft bake procedure for this thickness, 

according to the guidelines of HD Microsystems for SU-8 2000, the sample was 

aligned and exposed under a mask with patterns for the microchannels that were 

designed to be 200 μm high. After that, and before development, another layer of SU-

8 2000, this time 300 μm thick, was deposited on top of the previous layer, and again 

soft baked according to the directions of the manufacturer. Then, the sample was again 

aligned and exposed, this time using a mask containing the patterns of the 

microchannels expected to have a height of 500 μm. A final hard bake was carried out 

and the sample was developed for as long as necessary to remove the non exposed SU-

8. 

It was important to carry out this process with two coatings and two exposures of 

two layers but a single development process. Since channels of two different heights 

had to be patterned on the same substrate, two SU-8 processes were needed. But when 

carried out entirely separated, it was found that spin coating of SU-8 on a sample that 

already had SU-8 patterns on it, delivered non-uniform layers that didn’t make good 

contact with the mask and so the final developed patterns were inaccurate. Therefore, 

this new approach, where the second spin coating was performed on the exposed, but 

not yet patterned layer of thinner SU-8, was implemented. A SU-8 mold, with patterns 

of 200 μm and 500 μm is presented in figure 66. 

Since two different alignment processes were needed, to make sure that the final 

SU-8 patterns would align with the flaps on the glass slides, the substrate were this 

fabrication process was performed was an actual device which only included the 
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Figure 67: PDMS cover with replicated microchannels. 

Microchannels mounting arrangement: To make sure that the flaps would be 

placed inside the cavities of the PDMS cover (and so that no PDMS would be laid on 

top of them) alignment of these covers with the glass substrates was needed. PDMS 

and glass stick to each other non-covalently, but this bond is weak, and initial 

experiments revealed that the pressures needed to pump the solutions into the 

microchannels were large enough to break off this seal. Therefore a method that could 

guarantee the tight seal between both materials was needed. 

A traditional way to do so is to activate the surface of both, PDMS and glass, by 

treatment in Oxygen plasma [52]. This process, though, was unsuited for our devices 

simply because the bond between glass and PDMS happens immediately. Since all 

aligners (like the MA6 Karl Suss used) perform first initial contact step between 

substrate and mask before alignment can be carried out, it would no be possible to use 

these machines for this purpose. And manual alignment under a microscope was not 

accurate enough to guarantee that initial contact between both materials would be 

final. 
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Therefore the following solution was implemented. No treatment was executed 

on either the substrate or the cover. The alignment between them was done manually 

under a microscope. It took several attempts, but since a sufficient margin of error had 

already been foreseen in the design of the microchannels all alignments performed 

eventually turned out to be satisfactory. Transparent polycarbonate slides 1 mm thick 

were then used to sandwich the PDMS cover and the substrate together. Holes of 1 

mm in diameter were drilled on the top polycarbonate stop. Each hole coincided with 

the inlet and outlet ports of the PDMS cover. The sandwiched system was then 

pressured by using large black binder clips. Micro-bore tubes of outer diameter 0.75 

mm were then inserted into the ports, previously perforated on the PDMS cover, with 

the help of sharp end tweezers. Testing the final system demonstrated a watertight seal 

of both, the PDMS covers with the glass slide substrates and the micro-bore tubes with 

the PDMS ports. The systems were also simple to mount and dismount and the PDMS 

covers could be reused for several times after washing. A picture of a mounted device 

is shown in figure 68. 
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Figure 68: Mounted sample: aligned substrate and PDMS cover, clipped between 

polycarbonate stops, with micro-bore tubes connected to the PDMS ports. 

Cross sectional particle tracking: The experimental setup was readily fabricated 

by simply positioning a cubic plastic particle 2 mm in size on top of a glass slide. 

Another glass slide was placed right next to the cube, in contact with it and 

perpendicular to the glass slide at the bottom. Afterwards, rapidly hardening glue was 

poured around the cube and the perpendicular glass slide. Finally, by simply removing 

the cube and the perpendicular glass slide next to it, a receptacle with two open 

passages (as wide as thick was the glass slide) was obtained. The flaps’ substrates 

were then carefully diced using a diamond inscriber. The incisions were made right 

below the flaps, but with care not to scratch and damage them. Once the substrates 

were diced they could be tightly fit through the passages of the receptacle, as 
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illustrated in figure 20. If done carefully, the resulting setup did not present any major 

leakages. 

Fluorescent tracers: Three sizes of fluorescent polystyrene microspheres were 

used as tracers for different experiments: 0.025 μm, 1 μm and 5 μm in diameter. The 

smaller spheres diffused very rapidly, and were discarded as tracers immediately. If 

flowed through a 500 μm wide channel in parallel to a medium free of tracer, as soon 

as the flow was stopped the whole width of the channel was filled with fluorescent 

particles in less that 30 seconds (as illustrated in figure 69). 1 μm size spheres were 

used for mixing experiments with and without flow. In diffusive experiments carried 

out with these tracers in the same fashion as described before, these spheres took an 

average of 250 seconds to fill out the entire width of the channel. For particle tracking 

experiments where diffusion had to be insignificant, 5 μm spheres were used since 

their diffusivity was tested to be irrelevant. 

The medium were the spheres were dispersed consisted of a mixture of DI water 

and deuterium oxide. The amount of each solvent in the solution was optimized so that 

the densities of both the medium and the spheres were matched and practically no 

sedimentation of the fluorescent particles occurred. Also, the appropriate salts were 

dissolved in the mixture so that its final concentration was identical as 0.1 M PBS and 

actuation of the flaps could be performed normally. 
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Figure 69: Diffusion effect with 0.025 μm tracer spheres. (a) Parallel flows of seeded and 

unseeded medium. Images (b) 14 and (c) 30 seconds after flow stop. 

Image processing: Most experiments were carried out under a Visitech scanning 

confocal microscope. Stacks of images at rates of up to 104 fps were captured. These 

images then had to be treated and converted into movies for process visualization. 

This was done with a Matlab script. Also, to be able to visualize the orbits of the 

particles and obtain quantitative information (as displacement and velocity of 

particles) the identification of the position of individual particles in each frame had to 

be performed. Several numerical procedures using different programs (IDL, Matlab, 

etc.) have been published and are available online [53]. The two main functionalities 

of these scripts are particle identification (which identifies features according to input 

parameter such as minimum brightness, radius of the particle and maximum 

eccentricity) and image-to-image particle tracking (which identifies each particle in 

each frame, again according to input variables like maximum displacement, required 

minimum number of frames to retain identified features, etc.). Using the Matlab 

version of these scripts achieved good results for particle identification, but the 

particle tracking procedure could no be optimized as needed. Particles that 

experienced the largest displacements (the ones that were most interesting to analyze) 
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could not be efficiently tracked. Only particles that moved very slightly could be 

identified from image to image. Therefore the particle tracking process was performed 

manually: using the movies that had been put together, certain particles of interest 

were selected. Then those particles where visually identified in each of the frames 

used and their position was pinpointed. A maximum of 10 frames per second were 

used for manual particle tracking, otherwise the process became insurmountable 

(considering that in most experiments at least 7 particles were tracked and there were 

several thousands of images to analyze). Once the position of the particles of interest 

was identified in each frame, it was possible to quantitatively evaluate parameters of 

interest like particle orbits, displacements (total and partial) and speeds (local and 

average). 

4.4.3 Experiments in microchannels 

The mounted sample was positioned on the confocal microscope and several 

experiments were carried out with this setup. 

In-flow mixing experiments: Two solutions (one containing only medium and the 

other containing a dispersion of 1 μm fluorescent spheres) were flowed in parallel. 

The flaps were then activated and images from the top of the channel were taken. 

The mixing performance during these experiments was calculated in the 

following fashion. The width of the channel was evaluated in pixels. For the 

calculations this was the whole width of the domain. The height at which the flaps 

were situated, in pixels, was also determined. The domain was then vertically divided 

in two distinct areas. The top one was the area before the flaps, and so unaffected by 

its activity. The bottom area represented the medium influenced by the flap. Once 
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these two areas were clearly identified, the amount of black pixels was calculated for 

each area. Black pixels were considered to be virgin, unseeded medium, where no 

fluorescent particles were present. Therefore the more black pixels encountered on one 

area, the less the effective the mixing had been in it. The ratio of black pixels to the 

total amount of pixels was calculated on the top area of the division (Rt). Since this 

section of the channel had not been affected by the action of the flap, this value was 

assigned to be the zero mixing performance value. Then the same ratio was calculated 

for the bottom half of the channel (Rb). Then a mixing performance (Mf) coefficient 

was evaluated as the relationship defined below: 

1 RbMf
Rt

= −

     (14) 

If the bottom and top divisions had the same relative amount of black pixels, and 

so Rb = Rt, Mf would have a value of zero, signifying no mixing had occurred. If, on 

the other hand, no black pixels could be found on the bottom division, Mf would be 

equal to 1, and so perfect mixing would have been achieved. 

Three of these experiments are presented here. The average flow velocity in the 

microchannel was calculated to be 400 μm/s and the volumetric flow 6 μL/min for all 

cases. 

The first experiment involved a single 50 x 500 μm flap in a 510 μm width 

channel. A square function of 1 V and 1 Hz was applied. Images were captured at a 

rate of 10 fps, and 10 images, representing one full cycle of actuation, are presented. 

An illustration of this experiment and the resulting images are shown in figure 70. The 

full experiment can also be found in the Appendixes (video 4). 
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the following pictures (from 0.8 s to 10 s), and the one created during the previous 

cycle can also bee observed in the initial pictures (from 0.1 to 0.5 s). 

For a perfect separation of the two flowing mediums in the top section of the 

channel the value of Rt would be 0.5. In this experiment, though this value was found 

to be close to 0.4. This was probably so because during the few seconds that the two 

mediums had been in contact before reaching the area under evaluation, some 

diffusion of the tracer had already been experienced. Also blank experiments with no 

flapping involved, were tested using this procedure, and the Mf values in these cases 

were found to be below 0.1. 

The maximum, minimum and average Mf values for the present experiment were 

respectively 0.55, 0.41 and 0.49. Therefore a substantial degree of mixing was 

achieved with only one single flap. 

The second experiment presented here involved again the actuation of a sample 

with one actuator, but this time the frequency of actuation was 2 Hz. The results are 

presented in figure 71 below. 

 

Figure 71: In-flow mixing experiment. One flap 50 x 500 μm (anchored on the right side of a 

510 μm width channel) actuated at 1 V and 2 Hz square function. White areas are fluorescent 

and dark areas are unseeded medium. 

In this case the maximum, minimum and average Mf values for the present 

experiment were respectively 0.4, 0.21 and 0.33. The lower mixing experienced was 
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The maximum, minimum and average Mf values for the present experiment were 

respectively 0.82, 0.68 and 0.76. Thus, a large overall mixing performance in within a 

very reduced space was achieved. 

When comparing the mixing efficiency of these devices with other micromixers 

considered to be very efficient (like the herringbone mixer [36]), it was immediately 

evident that a large degree of mixing was achieved very rapidly with our flaps. For the 

herringbone mixer, mixing was approximately 75 % complete after 5 cycles of 

reversing the cross flows. This happened 1 cm downwards from the initial stage. In the 

case presented here, the same amount of mixing was achieved in a length of about 500 

μm, which was 20 times faster. Since no actual flow speed were provided in that 

reference, only a space comparison was possible. This was made using the material 

available (publication [36]). Therefore certain assumptions were made. First, the Mf 

value for those experiments was estimated from the pictures of the cross sections of 

the microchannel. Secondly, pictures used for our experiments were taken from the 

top of the microchannels. Therefore this could pose a problem, since the case 

compared was a cross section. But as it will be made clear in the next paragraph, this 

should not the case, and, at least qualitatively, the data was comparable. 

All pictures used for Mf calculation were taken at the same depth of focus of the 

microscope. It could be conceivable, then, that only a thin height of the microchannel 

had been evaluated, and so the full depth of the cross section would have remained 

unexplored. If that was the case, these experiments would have only been 

representatives of mixing along the particular longitudinal section visualized, and not 

of the entire channel (cross section included). Therefore the previous comparison 

would be flawed. To evaluate this, during the experiment that has been presented in 
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figure 70, and that is available as a vide file (video 4) in the Appendixes, the depth of 

focus was explored several times, and the effects illustrated in the figure were found to 

be geometrically identical to the effects observed along all depths of focus, with the 

only difference of an increase or decrease in intensity. If different geometric patterns 

had been observed, a clear proof of inhomogeneous cross sectional mixing would have 

been established. But since this was not the case, it was not too inaccurate to assume 

that the cross sectional distribution of fluorescence was homogeneous. Therefore, the 

mixing efficiencies evaluated with the longitudinal sections were assumed to be good 

approximate representatives of the cross sectional and volumetric efficiencies. 

 

No-flow mixing experiments: The same setup and device presented in the third 

experiment described before was used now to carry out mixing experiments under 

non-flow conditions. Initially the two mediums were pumped at the same volumetric 

flow as before. Again 1 μm fluorescent beads were used as tracer fluorescent particles. 

Now, thought, the channel was divided in three separate regions. A top and a bottom 

sections, with no flaps, and a middle one, where the flaps were present. The mixing 

coefficients were calculated differently this time, Mnf. The ratio of black pixels to the 

total amount of pixels was now evaluated for each division, before (Rb) and after (Ra) 

the activation of the flaps. The Mnf coefficient was defined now as the relationship 

between the ratio of black pixels before and after actuation for the same division. The 

results are shown in figure 73 and the complete video of this experiment can be found 

in the Appendixes (video 6). 
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to actuate the flaps) the flow was stopped, so only diffusive effects could be 

experienced. After these 2.45 s, and as it can be seen from the values of Mnf between 

these pictures, a certain amount of mixing occurred (less than 15 %). After actuation 

of the flaps for 8.5 s, the Mnf values are represented in row c-d. The largest increase in 

Mnf was experienced at the centre of the picture where the flaps were moving, as 

expected. Also a certain amount of mixing occurred in the top and bottom divisions, of 

approximately one half the value of the middle division. Mostly diffusion was 

expected to happen in these two areas, but it is also conceivable that the flaps could 

promote flows along the channel length (not only across its width), and so some 

convective effects could also play a role in mixing there. After 19.25 s of flapping, the 

actuation was stopped. The increase in mixing across the different divisions is shown 

in row c-e for the duration of the flapping. Increases in all sections were observed, 

most importantly in the middle and bottom sections. But an interesting piece of 

information could also be found here: the difference between the top and bottom 

sections was about two fold. Since these sections should, in principle, not be affected 

by the flaps, the amount of mixing experienced should be approximately the same. 

Therefore this could be proof that the flaps didn’t simply affect fluid motion and 

mixing along the cross section where they were actuating, but also longitudinal effects 

might have taken place. 

Another relevant finding extracted from this experiment was that most of the 

mixing in the section of the flaps was achieved during the first 8.5 seconds. Flapping 

for 10.75 seconds more only increased that value in 0.16 points (or a 14 % more as 

shown in row d-e). Finally, the Mnf values between pictures e-f show that along these 

8 s, while only diffusion was responsible for mixing, no further mixing occurred on 
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the top and bottom divisions. Only a mild positive Mnf was seen for the middle 

division, and this could be attributable to the fact that two flaps appeared flatter in 

picture e than in picture f. Since they acted like “black bodies”, covering fluorescence 

beneath them, it was possible that this mixing result had been an experimental 

distortion. 

To discuss these results we will first compare the two diffusive experiments 

carried out, namely between pictures b-c and e-f. In the first case a larger mixing was 

observed than in the second (which was actually none). Two main reasons could 

explain this difference. The initial diffusive experiment was carried out between 

pictures of the channel right when the flow was stopped and 4 s later. Therefore, some 

residual flow not necessarily longitudinal (due to the lack of pumping pressure) could 

account for some of the mixing. But also, and more importantly, the two mediums that 

were initially flowing shared an interface of a large concentration gradient. When 

brought to a rest, diffusion across this interface would happen faster than in any other 

moment of the experiment, because the concentration gradient was the largest. 

Afterwards, the diffusive boundary layer would be built during the initial seconds 

following the flow stop, and the speed of the fluorescent propagation front would 

decrease. 

The lower mixing performance determined for this experiment when compared 

to the previous, in flow experiment, could probable be due to diffusive interference, 

which in the middle section of the channel was responsible to up to a 15 % in mixing 

by itself. 

When comparing the previous experiment, under flow conditions, with this one, 

care should be taken since the Mf and Mnf coefficients were calculated differently. 
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Before, the interest was to evaluate at the same time fraction how much mixing could 

be achieved when comparing downstream fluorescence distribution to pre-flapping 

distribution. Here what was compared was the same section but at different times. 

Diffusion was of no particular interest before, while here, as explained, it played a 

significant role. 

Another effect that was likely to play an important role in decreasing apparent 

mixing performance, was the behaviour of the flaps as black bodies. When comparing 

pictures c and e from figure 73, it is clear that there is one flap, identified by a red 

arrow in both pictures, which is clearly darker in picture e than in c. This could 

reasonably explained because the light source for fluorescent excitation was shone 

from the back of the sample, and the images taken from the top. Therefore, the 

particles that were on top of the flaps, when these were in a flat position during 

actuation, were shadowed from the light source by the flaps, and they didn’t appear in 

the images. For this reason a picture 0.25 s before end of actuation (g) was taken, and 

again Mnf was calculated for the whole flapping experience, as presented in row c - g. 

As expected, and as observed under the red arrow in picture g, a larger mixing 

efficiency of 0.77 was found for the middle division, while the other divisions 

remained approximately the same. 

 

Particle tracking experiments: As additional experiments of interest, some 

microchannels were completely seeded with spheres, the flow was stopped and 

tracking of particles was realized during actuation of the flaps. This time, and to be 

able to disregard diffusion, fluorescent spheres of 5 μm in diameter were used. Below 

there are two experiments conducted in this fashion. 
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The depth of focus for this experiment was set at half the channel height. The 

maximum speeds and displacements achieved by the tracked particles in this 

experiment were 305 μm/min and 59 μm, respectively. Diffusion experiments were 

carried out, and the displacement of the tracers was negligible, hence the flow created 

by the flap was entirely responsible for the motion of the tracers. 

If the tracers tracked would have been moving back and forth to the same 

original and final positions, each marker would always be found at the same two spots 

(or around them, as illustrated in figure 74 with red arrows). This would be the case 

for a rigid actuator with reciprocating motion at low actuation speeds. In this case, 

though, some particles could break loose of this constraint, and eventually reach new 

areas of the channel. Therefore either the flap was moving with reciprocal motion, or 

either certain velocities around the flap were achieved that could promote a certain 

degree of inertia. 

One interesting observation during this set of experiments was that the tracers 

were susceptible to be pushed aside around the flap. In other words, if a tracer was 

found to be in the same section of the channel were the flap was bending across, 

instead of moving along the same direction of the flap motion, which in this case it 

was purely horizontal, they had a tendency to move aside, vertically. Therefore the full 

length of the flap’s displacement was not fully taken advantage of for particle motion. 

This is an issue that prevents 2-D simulations to be directly compared with these 

experiments (since in a 2-D section, particles can only move on the x-y plane, but 

never on the z direction, which is what happened in the experiments). 

Experiment 2: This test involved the use of a set of flaps of dimensions 50 μm x 

500 μm (Au thickness 100 nm). The frequency of actuation was now 3 Hz. The depth 
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As illustrated in the figure, two flaps were found to be active in the evaluated 

section (which occupied about the right half of the channels width). The maximum 

speeds and displacements achieved by the tracked particles in this experiment were 

752 μm/min and 209 μm, respectively. Again diffusion was found to be negligible, 

and all mass transport observed was attributed to the action of the flaps. 

The orbits show a very interesting pattern: all particles found in the top of the 

channel flow to the right hand side in a very linear way. The effect observed is 

practically a pumping effect. And the direction of the flow, as seen in the videos, is the 

same as the direction of the flapping of the actuator. The next set of experiments, that 

explored the cross sectional movement of particles and in which the shape and 

position of the actuators over time can also be observed, showed similar effects as it 

will be soon made clear. 

4.4.4 Fabrication of thin flaps 

Traditionally 100 nm of Au was deposited in all devices until now. Since the 

numerical models estimated that more flexible flaps could be more efficient in 

creating mixing below 4 Hz, which was the limit of actuation of our traditional 

devices, the fabrication of flaps with 10 nm of Au thickness was attempted. For the Au 

layer to be homogeneously deposited during e-beam evaporation, the process had to be 

carried out with maximum care. After Au patterning, PPy was deposited at thicknesses 

between 500 nm and 2 μm, and the devices were tested. 

It was found that these devices didn’t behave as flexible actuators either. The 

visualization of the motion didn’t report any significant changes between upwards 

stroke and downwards stroke. The interesting finding, tough, was that these devices 
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Figure 76: Markers displaying the orbits of tracked particles for a cross sectional PT 

experiment. The dimension of the section was 512 x 512 in pixels (731 x 731 μm). Six 50 x 500 

μm flaps (with 10 nm Au thickness) were actuated at 1 V and 10 Hz square function 

Videos of the actual experiment and of the particle tracking are also included in 

the Appendixes (videos 9a and 9b respectively). We strongly encourage the reader to 

examine them since very potent recirculation flows and complex particle behaviour 

can be observed. The devices were actuated at 10 Hz and the pixel/μm conversion 

ratio was estimated to be 0.7. The average speed for the fastest and lowest tracked 

particles was found to be 2.8 mm/min and 483 μm/min, respectively. From the 

pictures, the maximum displacement of the tip of the flaps was approximated to 150 

μm, which being one third of the flaps length and covering a total 3 mm length per 

second, appeared to be large enough to create interesting and complicated flow 

patterns. The Re calculated using the tip flap displacement and speed was aprox. 1. 
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Experiments up to 100 Hz were carried out with the same display, but it was 

found that the best results were obtained with frequencies between 5 and 10 Hz. Faster 

flapping reduced dramatically the maximum displacement of the tip, and only small 

recirculation flows could be observed close to the tips of the flaps. 

Every now and then it could also be seen that some particles would appear and 

disappear, therefore changing depth. This was proof that the flow patterns promoted 

were three dimensional. 

The most relevant finding during this experiment was that particles that where 

initially found far below the flaps were suctioned towards these, and before getting too 

close they were flowed upwards and away until they disappeared (blue tracer in figure 

76). Particles in close proximity to the flaps also experienced, generally, an upwards 

motion (purple tracer). But in some cases, as with the black tracer, particles ended up 

entrapped in the vicinity of the flaps, following what it appeared to be out of plane 

flow recirculation patterns. 

Experiment 2: With this test the aim was to evaluate the patterns of particles 

under low frequency of single flaps. The goal was to obtain the most possible accurate 

2-D images on the particle orbits, and minimizing the lost of tracers in-depth. Like 

this, hopefully particle orbits could hopefully be compared with the 2-D simulations. 

To this end, a system of 6 aligned flaps was used and the orbits of the tracked 

particles are presented below, in figure 77. The actual experiments and the particle 

tracking in time exercise can be consulted in the Appendixes (videos 10a and 10b). By 

using 6 flaps in a row, the effect reported in the experiment of figure 74, where 

particles were pushed aside instead of along the flapping direction, could be 

minimized for particles found at the same cross sectional depth as the middle flaps. 
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the upwards and downwards strokes of the flap were examined. It was found that 

despite the motion seemed clearly reciprocal, the upwards stroke took 0.38 s (the tip 

was estimated move 350 μm). On the other hand, the downwards stroke was 

completed in less than 0.07 s. This means that the tip of the flap velocity could reach 

maximum values or 5 mm/s (or 300 mm/min). Therefore, at these speeds, it was 

conceivable that inertia could take an active role in the movement of the particles, 

even at very small actuation frequencies. This was assessed by estimating the Re of 

each stroke, which approximately were 2 and 0.35 for the downwards and upwards 

strokes. Therefore inertial forces were theoretically large enough to overcome viscous 

drag forces, and so this could sustain the flow effects observed. 

Even though the experiment was expected to avoid in depth particle motion, it 

was clear that some particles were indeed moving in that direction. 

Experiment 3: The final experiment that will be presented involved the same 

experimental setup as before, but this time the actuation frequency was set at 5 Hz. 

Videos of the experiment and the motion of the tracked particles are in the Appendix 

(videos 11a and 11b). Figure 78 shows the results of this experiment. 

From the videos, what draws more attention is the fact that the flaps actuated at 

this frequency created a sort of repelling effect on the particles that were initially 

closest to them. These particles were steadily flowed upwards. Particles initially found 

away to the right of the flaps were in turn drawn towards the actuators. The fastest 

tracked particle moved upwards at an average velocity of 2.73 mm/min, and the 

maximum speed of the tip of the flaps was estimated to be approximately 2 mm/s (or 

120 mm/min). 
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Figure 78: Markers displaying the orbits of tracked particles for a cross sectional PT 

experiment. The same devices as in figure 77 were actuated at 1 V and 5 Hz square function. 

Several experiments at different frequencies of actuation were also carried out. 

As depicted in figure 78, a vertical flow of particles towards the top of the pictures 

was always observed. The speed at which particles moved upwards depended on the 

distance at which they were placed from the flaps, as it is very clear on the right hand 

side of the images, area furthest away from the flaps. Therefore, the experience 

illustrated in figure 75 could be validated, and it is clear to see that the flaps, in 

addition of creating complex particle orbits, also served as some sort of pumps, 

inducing flow towards their forward flapping direction. 
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4.4.6 Other experiences of interest. 

In the Appendixes several more videos have been added. These were captured 

using a video camera the output file compression of which didn’t allow extracting 

single frames, and therefore particle tracking could not be carried out. They are briefly 

described here: 

- Video 12: This experiment was recorded using a sample initially aimed for 

surface reaction rate enhancement experiments. The thickness of the Au layer was 10 

nm and it was activated with several square functions. Only one flap was active, with 

dimensions of 350 x 35 μm. The motion geometry was particular, a sort of 3-D 

twisting upwards and to the right during forward actuation and folding downwards and 

to the left during backwards actuation. The flap was not contained in a microchannel, 

but simply submerged into a drop of medium seeded with fluorescent particles. 

As it can be observed in the video, which reproduces the effects of this device 

flapping under an activation function of 1.6 V amplitude (vs. a gold electrode acting as 

RE) and 1 Hz initially, 10 Hz after, and back to 1 Hz finally, powerful flows with only 

one actuator could be promoted at a voltage which did not break water down. The 

particles were flowing from the upper right corner of the images to the bottom left 

corner. This is presented as additional proof of the potent convective properties of the 

flows promoted by these actuators, and the ability they have to effectively overcome 

the low Reynolds restrictions for fluid flow and mixing in the microdomain. 

Video 13: Another flap of the same dimensions as the previous one was captured 

in video. The device was actuated in a channel 1 mm wide and 500 μm high that had 

been partly seeded with fluorescent molecules, with an applied 1 V - 1 Hz square 

function (vs. a gold electrode acting as RE). 
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The video was speeded up 4 times, so that the convective effects of a single flap 

with a more regular motion than the device presented before could be more clearly 

visualized. The flap presented large stroke displacements, but unfortunately it died 

very quickly as soon as larger voltages and amplitudes were applied. 

This experiment confirmed the convective properties of a single flap inside a 

microchannel even at a very small actuation frequency, and therefore reinforces the 

theory that the difference in the speed of the strokes is actually responsible for creating 

flows of inertial basis. 
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5. CONCLUSIONS 

To be used as protective lids for sensors in in-vivo applications, Ay/PPy bilayer 

flaps with long term functionality and effortless to release were fabricated with almost 

perfect reproducibility. A new fabrication procedure, illustrated in figure 42, ignoring 

the addition of the polyimide layer traditionally used in our lab to improve device 

release, was developed. All devices fabricated in this manner were successfully tested 

for a period of 4 months. The cleaning process of the substrate previous to the 

deposition of the Au layer of the flaps was found to be critical for the successful 

performance of the flaps. Parameters such as Au:PPy thickness ratio were found to 

affect, strictly, the bending curvature and didn’t interfere with the long term release 

performance unless PPy was deposited at thicknesses below 1 μm or over 5 μm. 

Peripheral PPy growth was not found to be a problem for devices fabricated with this 

procedure. 

As active micromixers, Au/PPy flaps were found to be quite effective. Devices 

consisting of several flaps actuating at the same time inside a microchannel 

demonstrated higher mixing performances than single flaps. More flexible flaps could 

be actuated faster without significant displacement loss. To that end their Au thickness 

was reduced from the traditional 100 nm to 10 nm, and good flapping amplitudes at 

frequencies from 5 to 10 Hz were attained. The reason behind their efficiency as 

mixers, as demonstrated with particle tracking experiments, was that they were 

capable of promoting flow. Depending on the configuration of the devices used, these 

flows could be highly complex and potent. None of the actuators tested seemed to be 

flexible and move non-reciprocally, and so the explanation for the flows promoted was 
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attributed to inertial effects in the microscale, a phenomenon that has already been 

reported. Even at low frequencies of actuation positive motion of particles was 

observed, which usually aligned in the direction of the downwards stroke of the flaps. 

This effect could be explained by the fact the downwards stroke happened 

substantially faster (in the others of tens of ms) than the upwards stroke (which was 

estimated to be 1 order of magnitude slower). Re numbers of 2 were estimated in some 

experiments, therefore inertia was likely to play a role even at these microscopic 

scales. 

The relevance of the findings of this work is that these actuators were capable of 

effectively enhancing mixing in stagnant fluids and with low voltage requirements. 

Given their biocompatibility, and their long term proven functionality, this makes 

them ideal candidates for applications in implantable devices. Their low power, low 

voltage actuation requirements also open opportunities for integration in hand-held, 

portable technologies. 



 141

REFERENCES 

[1] Kumar Khanna; “Biotechnology Advances”, vol 25, 2007, 85-98 

[2] Panescu; “IEEE Engineering in Medicine and Biology”, vol 25, 2006, 19-28. 

[3] Dittrich et al; “Nature reviews Drug Discovery”, vol 5, March 2006, 210-218. 

[4] E. Smela; “Advanced Materials”, vol 15, 2003, 481. 

[5] E. Smela; “Journal of Micromechanics and Microengineering”, vol 9, 1999, 1-18. 

[6] Smela et al; “Science”, vol 268, 1995, 1735. 

[7] H. K. A. Tsai et al; “Journal of Smart Materials and Structures”, vol. 16, 2007, 

S295-S299. 

[8] T. P. Gilmer et al; “Diabetes Care”, 2005; vol. 28, 59-64. 

[9] R. Steinbrook et al; “New England Journal of Medicine”, vol. 354, 2006, 545-8. 

[10] G. B Bolli; ”Diabetes Care”, vol. 22, 1999, Suppl 2: B4. 

[11] C. D. Saudek et al; “The Journal of the American Medical Association”, vol. 295, 

2006, 1688-97. 

[12] S. K. Garg et al; “Endocrinology Metabolism Clinics of North America”, vol. 33, 

2004, 163-73, x-xi. 

[13] V. Lodwig et al; “Diabetes Technology and Therapeutics”, vol. 5, 2003, 572-86. 

[14] T. Heise; “Diabetes Technology and Therapeutics”, vol. 5, 2003, 563-71. 

[15] L. Heinemann; “Diabetes Technology and Therapeutics”, vol. 5, 2003, 545-61. 

[16] E. Tsalikian et al; “Diabetes Technology and Therapeutics”, vol. 6, 2004,  559-

66. 



 142

[17] The Diabetes Research in Children Network (DirecNet) Study Group; “Diabetes 

Care”, vol. 27, 2004, 722-6. 

[18] L. E. Lyndon et al; “Analytical Biochemistry”, vol. 294, 2001, 19-26. 

[19] Eaton et al; “Structure”, vol 4, October 1996, 1133-1139. 

[20] Knight et al; “Physical Review Letters”, vol 80, April 1998, 3863-3866. 

[21] Heule et al; “Lab on a Chip”, vol 4, 2004, 506-511. 

[22] Toegl et al; “Journal of Biomolecular Techniques”; vol 14, 2003, 197-204. 

[23] Cunningham; “Analytica Chimica Acta”; vol 429, 2001, 1-18. 

[24] Beebe et al; “Annual reviews on Biomedical Engineering”; vol 4, 2002, 261-286. 

[25] Nguyen; “Annual reviews on Biomedical Engineering”; vol 4, 2002, 261-286. 

[26] Aref et al; “Physics of Fluids”, vol 14, 2002, 1315. 

[27] R. Sturman et al; “The Mathematical Foundations of Mixing”, Cambridge 

University Press, 2006. 

[28] Kamholz et al.; “Analytical Chemistry”; vol 71, 1999, 5340-5347. 

[29] Weigl et al; ”Science”, vol 283, 1999, 346. 

[30] Baroud et al; ”Physical Review E”, vol 67, 2003, 060104. 

[31] Hatch et al; “Natural Biotechnology”, vol 19, 2001, 461. 

[32] Brody et al; “Biophysical Journal”; vol 71, 1996, 3430. 

[33] Brody et al; “Sens. Actuators, A”, vol 58, 1997, 13. 

[34] Cho et al; “Analytical Chemistry”, vol 75, 2003, 1671. 

[35] Schilling et al; “Analytical Chemistry”, Vol 74, 2002, 1798. 

[36] Stroock et al; “Science”, vol 295, 2002, 647. 



 143

[37] Stroock et al; “Philosophical Transanctions of the Royal Sociecty, Ser. A”, vol 

362, 2004, 971. 

[38] Ottino; “The kinematics of mixing“, Cambridge University Press, 1989. 

[39] Glasgow and Aubry; “Lab Chip”, vol 3, 2003, 114. 

[40] Nguyen et al; “Journal of Micromechanics and Microengineering”, vol 15, 2005, 

R1-R16. 

[41] Purcell; “American journal of Physics”, vol 45, 1977, 3-11. 

[42] R. McNeill Alexander; “The Invertebrates”, Cambridge University Press, 1979. 

[43] B. S. H. Connell et al; “Journal of Fluid Mechanics”, vol. 581, 2007, 33-67. 

[44] J. Den Toonder et al; “Lab on a Chip”, vol. 8, 2008, 533-541. 

[45] X. Casadevall i Solvas et al; “Micro and Nano Systems”, vol. 1, 2009, 2-11. 

[46] A. J. Bard; “Electrochemical Methods”, ed. John Wiley & sons, 2001, Chapter 5. 

[47] C-M. Tam et al; “Journal of Colloid and Interface Science”, vol. 235, 2001, 183-

189. 

[48] G. Turon et al.; Proceedings of the NSTI 2006 Conference”, May 7-11, 2006 

Boston, MA. 

[49] K. J. Heyeraas; “Critical Reviews in Oral Biology and Medicine”, vol. 10, 1999, 

328-336. 

[50] R. A. Lambert et al; “The role of micro-cantilever deformation on fluid mixing in 

a microchannel”, submitted for publication to Physics of Fluids; June 2009. 

[51] R. A. Lambert; PhD Dissertation. UCI, 2009. 

[52] J. C. McDonald et al; “Electrophoresis”, vol. 21, 2000, 27-40. 

[53] http://www.physics.emory.edu/~weeks/idl/ 

 


