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The proof of concept for conjugated polymer bilayer microactuators had been 

demonstrated prior to this dissertation with numerous devices, and their advantages in 

biomedical applications had been recognized.  The next step for this technology was 

implementation in real systems, which required knowledge of the main performance 

metrics and limitations.  In this dissertation, work focused on measuring these metrics 

for the first time to facilitate the development of cell-clinics, which are microsystems 

for cell study and for cell-based sensing.  The conjugated polymer used throughout 

the dissertation was polypyrrole doped with dodecylbenzenesulfonate, PPy(DBS), 

and the second layer in the bilayer was gold. 

Device fabrication challenges were first identified and addressed, focusing 

particularly on methods to produce PPy/Au bilayers that did not suffer from 

delamination.  By electroplating Au onto the electrodes or by wet etching them to 

increase mechanical interlocking, this problem, which had plagued the field for the 

last decade, was solved.  Another important contributor to lifetime, which is a key 



 
 

actuator metric, is loss of electro-activity with extended cycling.  This metric was 

quantified through measurements of the total exchanged charge of PPy(DBS) with 

cycles of electromechanical redox.  This result impacts how these actuators can be 

used.   

Two other key metrics on which this work focused were bending angle, analogous to 

stroke in a linear actuator, and force.  It was necessary to determine bending angle as 

a function of film thickness experimentally because the traditional bilayer beam 

models could not account for microfabricated bilayer radius of curvature data.  

Through experimental testing over a wide range of PPy and Au thicknesses, the 

relationship between PPy:Au thickness ratio and curvature was mapped out.  The 

experimental results demonstrated the existence of strain gradients within the 

conjugated polymer films, with the material at the surface having greater actuation 

strain than that at the gold interface.  Finally, accurate force measurements had not 

been done prior to this dissertation research because of the significant challenges 

involved in developing a method for measuring force in microactuators.  This 

dissertation described the development of such a methodology and provides data for 

the blocked force as a function of polypyrrole thickness.   
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Chapter 1   Dissertation Goals and Overview 

Polypyrrole (PPy) is a conjugated polymer that undergoes a volume change when its 

doping level is varied through the application of a voltage (see section 2.1).  Bilayer 

microactuators of PPy and gold were first developed to exploit this phenomenon in the 

early 1990s [1, 2].  In recent years, commercialization efforts have begun and there is 

increased interest in these devices for biomedical applications [3] because they work in 

biofluids, are biocompatible, and require only small voltages to actuate (see section 2.2).  

However, when the research in this dissertation was begun, there were significant 

challenges standing in the way of implementing the technology, with failure due to 

delamination and unpredictable lifetime, curvature, and force being the most critical.   As 

a result of the work presented here, which identifies a fabrication process that ensures 

reproducible actuation and which characterizes the performance, our understanding of 

these actuators has reached the stage where designers can incorporate them into their own 

microsystems.    

The dissertation begins with an introduction to conjugated polymers, their use as 

actuators, and the prior work in the field (section 2.2).  The motivation for further 

developing the actuator-based microsystem, cell-clinics, is then reviewed (section 2.3), 

followed by a discussion of the role of the bilayer actuators in the cell clinics (section 
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2.4).  The chapter ends with a general discussion of actuator metrics, with an 

identification of the key metrics for these particular actuators (section 2.5) to set the stage 

for the work on developing a more fundamental understanding of the device 

performance.   

The purpose of the research in this dissertation was to build on prior work to take it 

beyond proof-of-concept to a solid foundation.  My contributions begin in Chapter 3 with 

development of a process sequence to fabricate bilayer microactuators and 

microstructures on CMOS chips.  The primary difficulties of handling the chips during 

microfabrication were solved, and a lid rotated by a bilayer hinge was fabricated on the 

chip.  At the same time, problems were encountered, which therefore motivated the work 

in Chapters 4-6.   

Chapter 4 focuses on preventing PPy delamination from the Au electrode.  Without 

mechanical integrity, these bilayers would never be more than curiosities.  Surfaces were 

developed that effectively interlock the two layers, as determined by tape testing PPy 

films on Au-coated substrates during extended cycling.  This chapter also includes 

measurement of the electrochemical degradation of the PPy, which fundamentally limits 

device lifetime in aqueous solutions.  The quantification of the loss of electro-activity 

with cycle number is needed for determining the biomedical applications for which the 

actuators are and are not appropriate.   
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Chapter 5 describes bending angle studies, starting with a description of the experimental 

methods, continuing with the results, and concluding with some simple modeling.  Prior 

work had shown that simple bilayer models did not account for microactuator bending 

results, because, it was postulated, of either actuation strain gradients or Young’s 

modulus gradients in the film.  It was therefore necessary to determine bending angle as a 

function of film thickness experimentally, and from these data to back out the gradients.   

Chapter 6 follows the same pattern for force studies.  These experiments were 

particularly challenging because the microsystem had to be mechanically interfaced to a 

macro-system, and a new experimental methodology had to be developed.   

Additional original research contributions indirectly related to these topics are included in 

the appendices.  Appendix A and Appendix C describe PPy deposition and device 

fabrication challenges that were identified together with their solutions.  Appendix D is a 

description of actuators fabricated on a Kapton substrate, which may one day lead to 

“micro-origami”.   
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Chapter 2   Introduction and Background 

2.1 Conjugated Polymers 

Conjugated polymers are characterized by alternating single and double bonds along the 

polymer backbone.  Polypyrrole (PPy) is one of the most stable conjugated polymers 

(Figure 1) [4].  Conjugated polymers are organic semiconductors.  When the polymer is 

oxidized, electrons are removed; delocalized positive charges appear on the backbone.  

As a result, the polymer becomes electrically conducting, or doped [5].  The conductivity 

of doped PPy is typically in the range of 10-100 (Ω⋅cm)-1 [6].  (The conductivity of 

copper is 6×105 (Ω⋅cm)-1; p-doped Si with 1017/cm3 aluminum is about 80 (Ω⋅cm)-1 [7].)  

In order to maintain charge neutrality, anions (negatively charged ions, A-) enter the 

polymer from the electrolyte (Figure 2).  Since the doping results from the 

electrochemical oxidation and the charges are positive, the polymer is p-doped; the 

anions are called dopants.  The doping level is controlled by the oxidation level.   
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Figure 1.  Schematic of PPy molecular structures.  Alternating single and double 
bonds are along the polymer backbone.  (Courtesy of Smela.) 

 

Figure 2.  Schematic of doping PPy.  Electrons are removed from the PPy backbone 
by an applied voltage, which oxidizes the polymer.  In order to maintain charge 
neutrality, anions A- enter the polymer from the surrounding solution (electrolyte).  
(Courtesy of Smela.) 

2.2 Introduction to Polypyrrole Bilayer Actuators 

2.2.1 Deposition of PPy 

Polypyrrole (PPy) is electrochemically deposited from an aqueous electrolyte containing 

the pyrrole monomer.  The deposition mechanism is briefly described here; see [8] for 

further details.  When a sufficiently positive potential is applied to the electrolyte, the 

monomers at the working electrode surface are oxidized and become reactive radical 

cations.  When two radical cations meet, they react to form a dimer.  As more pyrroles 

are add to the growing chain, the oxidation potential of the oligomer drops, allowing 
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polymerization at slightly lower potentials, and at some point, depending on the solvent, 

the oligomer becomes insoluble and precipitates onto the working electrode.  The PPy 

continues to grow on the electrode by addition of monomers and oligomers from solution.  

The monomers polymerize primarily at the positions adjacent to the nitrogen (as shown 

in Figure 1), but the other two positions are also reactive, and reactions at these sites 

produce crosslinking (and electronic defects).  To maintain overall charge neutrality, one 

anion for every positive charge is incorporated during deposition [9].  Our group use 

dodecylbenzenesulfonate (DBS-) as the anion [1, 2, 10].  Since DBS- anions are large, 

once they are incorporated into the film it is essentially impossible for them to leave 

during later actuation [11].    

The deposition procedure is briefly introduced here; see Appendix A for details.  

Deposition of PPy was performed in an electrochemical cell with three electrodes 

connected to a potentiostat, as shown in Figure 3.  All three electrodes were immersed in 

a solution containing pyrrole and NaDBS.  An Au-coated silicon substrate was connected 

to the working electrode (WE) lead.  PPy was deposited on the Au.  The reference 

electrode (RE) was Ag/AgCl.  A reversible redox reaction (equation 1) takes place and 

reaches equilibrium at the RE.  Thus, no current flows through the RE.  This reaction 

provides a reference potential (0 V) [12].  All electrochemical potentials given in this 

dissertation are voltages applied between the WE and the RE (i.e. vs. Ag/AgCl).  The 

counter electrode (CE) was either a piece of platinum foil, an Au-covered silicon 

substrate, or a piece of graphite.  The CE should be much larger than the WE to ensure 

that the reactions on the CE do not limit the speed of the reactions at the WE [10].  The 
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WE, the aqueous NaDBS solution, the CE, and the potentiostat comprise a complete 

current loop.    

(1) AgCl(s) + e ↔ Ag(s) + Cl- (aq) 

 

Figure 3.  An experimental setup to electrodeposit PPy(DBS).  The deposition was 
powered and controlled with a potentiostat.  An Au-coated silicon substrate was the 
working electrode onto which PPy(DBS) was deposited.  The reference electrode 
was Ag/AgCl.  The counter electrode was another, larger Au-coated silicon 
substrate. 

2.2.2 Actuation of PPy 

The experimental configuration shown in Figure 3 was also used to actuate the PPy; the 

aqueous electrolyte was NaDBS.  When a sufficiently negative electrochemical potential 

is applied (for PPy(DBS) in NaDBS, –1 V vs. Ag/AgCl), PPy is reduced, meaning that 

electrons are added to the polymer.  When the polymer is completely reduced, the net 

positive charge on the backbone is completely neutralized.  In order to maintain charge 

neutrality, cations in the solution, Na+ in all experiments described in this dissertation, 
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enter the PPy [13].  This results in a volume expansion [14, 15].   The cations are 

surrounded by water molecules, which increases the actuation strain [16].   

When the voltage is increased from –1 to 0 V vs. Ag/AgCl, PPy is oxidized again.  This 

reaction is completely reversible, but competes with degradation reactions, as will be 

described in Chapter 4  .  Because the DBS- anions are immobile [11], the Na+ cations are 

expelled and PPy volume contracts.   

In summary, the reduction/oxidation (redox) reaction in PPy is: 

(2) PPy+(DBS-) + Na+ + e- ↔ PPy0(NaDBS) 

PPy is reduced when the reaction goes from the left to the right side, and oxidized from 

the right to the left side.  The in-plane strain of PPy(DBS) was reported ranging from 

0.35% [17] to 2% [18].   

In general, when the anions are mobile, such as chloride (Cl-) [11] or perchlorate (ClO4
-) 

[19-21], they are expelled upon reduction and the volume of the PPy decreases.  If the 

anions are medium-sized, such as p-toluene sulfonate (pTS) [22], they move with 

difficulty through the PPy.  Therefore, the total volume expansion is lowered due to the 

opposite ion transport [23].  Moreover, a “twitching” behavior has been observed under 

these conditions instead of the desired smooth actuation [11].  Since PPy doped with 

large anions has better chemical stability [23] than PPy doped with small anions, as well 
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as high strain and smooth movement, we use PPy(DBS) in our group.    

Voltage-current curves called cyclic voltammograms (CVs) are used to characterize PPy 

during electrochemical oxidation and reduction (redox).  CVs are carried out by applying 

triangular voltage ramps (Figure 4) and monitoring the current.  There are two current 

peaks in Figure 5a.  The one at -0.35 V is due to oxidation, and the one at -0.67 V to 

reduction.  The shape of the CVs changes with scan rate [24] and in electrolytes with 

different pH or ions [25, 26].  These features help researchers to understand the redox 

mechanism [27, 28].   

The reason that the current does not go to zero when the voltage reaches zero has been 

the subject of much discussion in the literature, and is still controversial.  Feldberg 

proposed that the current is capactive and that the PPy acts as a porous electrode [29].  If 

the polymer is porous, the polymer/electrolyte interface is large, and a change in the 

double layer at the interface generates a large capacitive current.   

Figure 5b shows 5 sequential scans.  The currents stabilize after a few scans, and the 

curves start to trace over each other.   (The polymer does not “charge up” with cycling:  

the oxidation charge is balanced by the reduction charge except for that drawn due to 

irreversible parasitic reactions such as hydrolysis.)   

Integrating the current gives the total charge exchanged during redox switching.  If the 
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PPy loses electroactivity, the current decreases.  Thus, CVs were used to characterize PPy 

degradation in this dissertation (see section 4.6).    

 

Figure 4.  A voltage cycle between 0 and –1 V vs. Ag/AgCl is applied to actuate 
PPy/Au bilayers.   

 

a) CV of a 3000 Å thick PPy film scanned at 50 mV/sec.  The oxidation peak is 
at –0.35 V and the reduction peak at –0.7 V.     
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b) CVs of five continuous scannings.  The current at 0 V becomes stable after 
a few scans, which shows PPy is not “charged up”.      

Figure 5.  CV at 50 mV/sec of a 3000 Å thick PPy film scanned in 0.1 M NaDBS 
solution.        

2.2.3 PPy/Au Bilayer Actuators 

Based on the electrically controllable volume change, PPy actuators have been developed 

in the forms of hollow tubes [30], helix tubes [31], zigzag wires [32], and flat films [33].  

The tubes moved in its axial direction [30, 31].  The zigzag wires of Au or Ti formed a 

framework onto which PPy was deposited; the resulting film actuated like an accordion 

[32].  The flat-film actuator took advantage of the out-of-plane volume change of PPy; a 

controllable valve was designed and tested [33].  The common feature of these actuators 
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is that they moved along one direction (one-dimensional actuation).   

Another configuration is the polymer/metal bilayer (Figure 6) that converts in-plane 

strain into bending, which realizes two-dimensional actuation.  PPy/Au bilayer actuators 

have been developed since the early 1990s [20, 34-37].  In 1992, Otero [20] and Pei [37] 

both independently demonstrated macro-scale actuators, e.g. 3 cm × 1 cm × 15 μm (L × 

W × T) [20].  The mechanism of bending is illustrated in Figure 6.  During 

electrochemical redox, PPy changes volume.  Since the Au layer does not change 

volume, the bilayer bends.  The Au serves not only this mechanical function, but also as 

the electrode to the polymer.   

 

Figure 6.  Schematic of PPy(DBS)/Au bilayer bending.  At 0 V, PPy is oxidized; its 
volume contracts.  Because Au does not change volume, the bilayer bends.  At -1 V, 
PPy is reduced, which causes a volume expansion.  As a result, the bilayer returns to 
the flat state.  (Courtesy of Smela.) 

Free-standing PPy films [38, 39] and triple layers [40-42] were also demonstrated as 

actuators.  The former bent when a tissue soaked with water or organic molecules was 

placed close to the polymer.  The actuation was due to the differential absorption of 
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molecules on both sides of the PPy film [38].  Otero’s group developed triple-layer 

actuators with tactile sensitivity [42].  Such an actuator is composed of a non-conducting, 

flexible tape with PPy films glued on both sides.  The current flows between the two 

layers of PPy films so that when one layer is oxidized to expand, the other is reduced to 

contract.  As a result, the triple-layer beam bends.            

Smela et al. reported a MEMS process to fabricate bilayer microactuators in 1993 [1].  A 

box of 30 × 30 μm2 folded using bilayer hinges was demonstrated [2].  The principal 

mechanism of these devices is that the bilayer bends out of plane and rotates a connected 

rigid plate (Figure 7).  The importance of Smela’s approach is that it opened a door to the 

development of PPy-based microsystems, especially in the field of biomedical 

applications where PPy is advantageous over other actuator materials [3]; see section 

2.4.2 for an example.  Since then, a microrobot for cell handling [43, 44], cell-clinics for 

cell study and cell-based sensing [45-47], microvalves for treating urinary incontinence 

[48], a cell isolator [49], and microvalves for drug delivery system [50] have been 

developed by our and other groups.   

 

Figure 7.  Schematic of a bilayer microactuator.  a) The bilayer was fabricated on 
top of a silicon substrate.  A rigid plate was connected to the bilayer.  b) When 
voltages were applied, PPy changed volume; the bilayer bent to actuate the rigid 
plate.  (Courtesy of Smela.) 
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2.3 Motivation for Dissertation Research from Potential Applications 

The proof of concept for conjugated polymer bilayer microactuators had been 

demonstrated according to the review and discussion above.  The next step for this 

technology is implementation in real systems.  The bilayer actuation studies described in 

this dissertation were part of a larger effort to develop a new chip-based technology to 

monitor cells over the long term for applications ranging from cell-based sensors to the 

study of basic cell biology.  This research effort, dubbed “cell-clinics,” combines MEMS 

with CMOS to create microenvironments for culturing cells while measuring various 

parameters, including voltage, capacitance, and fluorescence (Figure 8). 
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Figure 8.  Conceptual illustration of cell-clinics under development, showing MEMS 
vials for holding cells and underlying CMOS circuitry.  (Courtesy of Abshire and 
Smela.) 

2.3.1 Overview of Cell-Clinics Research Effort  

Since cells are the fundamental units of living things, there is a growing interest in 

studying cells with microsystems [51, 52], whose feature sizes are comparable with those 

of cells, which is helpful in creating an in-vivo-like environment [52, 53].  Since 2002, a 

team comprising Prof. Abshire (ECE) and her students, focusing on CMOS sensing and 

circuitry, and Prof. Smela and her group, focusing on MEMS, has been working on the 

cell-clinics.  The MEMS structures are designed to form an in-vivo-like environment for 

containing single cells or small groups of cells.  The sensors will record electrical, 

optical, and chemical signals generated by cells.  Furthermore, the project goals are to 
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use olfactory neural cells as sensing elements to transduce chemical stimuli to electrical 

outputs.  This microsystem (Figure 9) will also benefit studies of basic properties and 

activities of cells, such as cell life cycle, as well as the development of drug screening 

and environmental monitoring systems.     

 

Figure 9.  Summary of cell-clinics design in terms of MEMS structures, CMOS chip, 
and the microsystem.  

Cell-clinics are an example of lab-on-a-chip technology (or micro-total-analysis systems, 

μTAS).  The μTAS concept was first proposed by Manz et al. in 1990 [54].  In order to 

continuously monitor the concentration of reagents, they proposed to minimize and 

integrate existing sample pretreatment, separation, and sensing mechanisms to form a 

microsystem [55].  Their theoretical analysis showed that such a microsystem would 

benefit analytical work in terms of sensitivity, sensor lifetime, speed, and cost [55].  

Since then, μTAS has become a more and more popular and interdisciplinary research 
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field.  An international conference (MicroTAS) has been hosted eight times since 1994, 

and the journal Lab on a Chip was launched in 2001.       

Compared to traditional apparatus, µTAS for cell study are advantageous for creating an 

in-vivo-like environment [52].  In vivo, cells are close-packed with each other and with 

the extracellular matrix [52].  Because the feature size of MEMS structures is comparable 

with the size of cells, i.e. from 10 to 100 μm, such a closely packed environment can be 

easily formed in µTAS.  Cells cultured in traditional dishes have to comply with the two-

dimensional rigid surface [56], whereas a three-dimensional environment can be formed 

by MEMS technologies.  The three-dimension environment can mimic the extracellular 

matrix in which a cell community exists [57].  By studying single and/or small groups of 

cells, rather than the average of large number of cells or cell communities, researchers 

can investigate properties and variations among single cells, as well as understand how 

single cells communicate with each other to work together as a group [58].  As a result 

physiological studies of specific mechanisms and statistical studies of cell properties will 

be enabled, as well as studies of cell performance within a cell community.  For a review 

of μTAS systems, please refer to Appendix B. 

Although microsystems for cell study have attracted a lot of interests from μTAS 

researchers, there are few reports on integrating MEMS, in particular micromachined in-

vivo-like environments for culturing cells, with CMOS to enable in-situ, real-time 

monitoring single and small groups of cells.  Our cell-clinics microsystem is being 
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developed toward this direction.   

2.3.2 Motivation for Integrating MEMS and CMOS 

Integrating CMOS and MEMS technology will not only facilitate fundamental studies of 

cells, but also create new approaches to problems that are difficult or even impossible to 

solve by using conventional methods.  For example, electronic noses are required to be 

sensitive, selective, and reversible [59].  Currently, an electronic nose is a system 

composed of arrays of sensor [60].  Each sensor interacts with a specific odor; signals 

from various sensors are combined and processed to identify a smell (a mixture of odors) 

[61].  The difficulty lies that the odors may interfere with each other, which results in a 

false sensing signal [62].  Human being can solve this problem based on experiences 

[62].  But it is a challenge to “train” electronic noses to learn and accumulate experiences 

[62].  In contrast, if olfactory cells can be cultured directly in a sensing system to form a 

cell-based electronic nose, the problem will be bypassed.   

One of the future goals of our cell-clinics is to develop a cell-based olfactory sensing 

system.  In the envisioned system, olfactory neurons are cultured in the in-vivo-like 

MEMS structures (vials).  Signals from neurons corresponding to various smells are 

recorded and processed by sensing electrodes that locate in the same vial with the 

neurons.  As a result, a library of smells vs. signals is created.  When the cell-based 

electronic nose is used in practice, a target smell is recognized by comparing the 

collected signals with respect to the signals stored in the library.  As the living transducer 
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component, the neuron enables a highly sensitive, selective, and reversible detection [62].  

The powerful CMOS technology enables real-time, automatic collecting, storing, 

processing, and transporting data for long-term monitoring.   

In general, the advantages of integrating MEMS and CMOS include (1) the usage of the 

microsystem will be easy and automatic, which is beneficial to possible applications of 

home health-care, (2) the final product can be miniaturized for portable usage; 

furthermore, an implantable system can be created.  In addition, various sensors such as 

temperature [63], pH [64], fluorescence [65], position [66], and electrical properties [67] 

can be fabricated in or around microstructures by using the CMOS technology.  The 

microsystem can be customized depending on the users’ requirements:  future users are 

able to designate a specific sensor to a specific unit of cell-holding microstructures, and 

obtain various signals from multiple units in the microsystem at the same time.  In 

summary, the combination of MEMS and CMOS makes μTAS flexible and powerful to 

be used in a broad field. 

2.4 Function of Bilayers in Cell-Clinics 

Because cells such as neurons are mobile [68], they have to be encaged to enable long-

term measurement.  Optical tweezers [69] and dielectrophoresis [70] are well established 

to trap cells suspended in liquid.  Many animal and human cells, however, must adhere to 

a solid surface before they can grow and reproduce [71-73].  Therefore, mechanical 

structures are employed in the cell-clinics to encage the cells (Figure 10a).  An 
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important concern of the mechanical structure design is the microenvironment.  Walker et 

al. cultured cells in micro-channels [74].  Fluid flowed through the channels to supply 

nutrients and remove wastes; but the flow applied a shear stress on the cells [52] that 

affected their normal life.  In our microsystem, cells will be cultured in vials with 

movable lids to avoid this problem.  On-chip microactuators are employed to open vials 

for feeding cells and removing wastes.  The vials and lids are made of insulating material 

SU8.  When one vial is closed, signals from cells in that vial will be measured; signals 

from cells in other vials will be blocked by the closed structures.  In order to measure 

many cells independently and simultaneously, arrays of vials are formed on the chip 

(Figure 10b).  
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Figure 10.  Schematic of the cell-clinics.  a) A “lab” is composed of a vial and a 
movable lid actuated by PPy/Au bilayer to hold single or small group of cells.  In the 
vial, the cell is monitored by an electrode. b) Arrays of labs are placed on one 
substrate to measure many cells independently and simultaneously.  (Courtesy of 
Smela.) 

2.4.1 Requirements for On-Chip Microactuators 

In the cell-clinics, the on-chip microactuator is a core component to confine cells over the 

sensors and to facilitate measurement by electrically isolating the cells.  It has to satisfy 

several requirements.   
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1. The actuator must operate in a cell culture medium (a salt solution). 

2. The materials composing the actuator must be compatible with cells and the cell-

culturing environment.  The materials must not be toxic to cells, nor corrode and 

lose function in the cell culture medium. 

3. The actuator must implement “two-way” movements. 

• During culturing and measuring the cells, the actuator must continuously keep 

the lids closed so that the cells are kept in place and electrically isolated from 

the cells in other vials.  The duration is at least a cell cycle, which is typically 

24 hours [71, 75]. 

• In order to maintain a suitable environment for cell living, the actuator must 

open the lids for changing the culture medium daily or weekly depending on 

the type of cells [76].  Currently, the medium changing is conducted manually 

by using a syringe or a pipette at the Bioprocess Scale-Up Facility, UMCP.  

During the operation, the actuator needs to keep the lids open, holding at least 

one minute based on our experience.  

4. The fabrication and operation of the actuator must be compatible with the CMOS 

circuitry and cells.  For example, if the actuator is electrically driven, the 

operation voltage must be smaller than the CMOS breakdown voltage (the 
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voltage to make the insulator conductive).  Depending on the fabrication process, 

the breakdown voltage is typically 10-20 V [77].  If the actuator is thermally 

driven, the working temperature cannot be higher than the incubation temperature 

of cells.  To most human and warm-blooded animal cells, the recommended 

temperature is 37±0.5 °C.  The cells will die quickly when it is higher than 40 °C 

[78]. 

2.4.2 Microactuator Review and Evaluation 

Most of the broadly used actuators in the MEMS field are electrically driven.  (1) 

Electrostatic actuators, such as comb-drive actuators, have been developed based on the 

attractive force between interdigitated electrodes when a driving voltage is applied (see 

for example [79]).  Typical driving voltages were from 10 to 40 V for a 1.5 - 2.5 μm 

electrode gap [80], which is higher than the CMOS breakdown voltage.  (2) Piezoelectric 

actuators, in which an external electrical field polarizes and generates a stress, have also 

been developed (see for example [81]).  Piezoelectric actuators require even higher 

driving voltages, typically more than 100 V [82].  (3) Electro thermal actuators and shape 

memory alloy (SMA) actuators operate when heated.  Because the composed materials 

are conductive (e.g. polysilicon for thermal actuators [83] and Ni-Ti alloy for SMA 

actuators [84]), they only require small voltages (< 12 V for thermal actuators [83, 85]) or 

currents (80 mA for shape memory alloy actuators [86]).  In an aqueous environment, 

however, heat loss will result in small displacements [87, 88].  (4) Electromagnetic 

microactuators exert large deflections and operate under small currents (<100 mA) 
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[Fullin, 1998 #268; [89].  An example was a nickel-coated polysilicon (430 μm × 130 μm 

× 15 μm) plate with one end anchored to a substrate by torsion-beams.  The plate was 

rotated 90° out of the substrate by an external magnetic field [90].  The difficulty of using 

the actuators in our application is the formation of the rotating structures like the 

polysilicon torsion-beams.  The fabrication process included high-temperature LPCVD 

deposition (605 °C) and annealing (1000 °C) [89], which would damage CMOS circuitry.  

There has not reported fabricating the structures by using other materials and methods.    

In addition to the conventional actuators, hydrogel actuators have been developed based 

on a phase transition undergone in the polymer network [91].  Hydrogel actuators 

operated under a variety of stimuli, such as electrical field [92], light [93], and 

temperature [94].  In particular, they responded to pH [95], glucose [96], and antigen 

[97], which enable them for biomedical applications [98].  Hydrogels responding to pH 

change are most commonly studied [99-101].  They generated volume changes due to 

significant pH change of 2 - 4 [100-103].  However, cells grow well in an environment 

with stable physicochemical properties, such as pH 7.4 ± 0.4 [104].  Another 

disadvantage of hydrogel actuator is the lifetime:  it stopped actuating after only a few 

cycles [103].  

Alternately, polypyrrole (PPy)/gold (Au) bilayer actuators have advantages over the other 

techniques in this application.  PPy is a biocompatible material [3].  PPy undergoes 

reversible volume changes under electrochemical stimulation when immersed in an 
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electrolyte [5, 105].  The Au layer serves not only as the electrode to transport simulation 

signals, but also to convert the volume change in PPy to a bending motion [2].  The 

actuation voltages are small, between 0 and -1 V [10], which is compatible with CMOS.  

In summary, PPy/Au bilayer microactuators satisfied all the requirements for the cell-

clinics. 

2.5 Dissertation Motivation  

A process to fabricate MEMS structures on a CMOS sensing chip (1.5 × 1.5 mm2) has 

been developed; see section 3.2 for details.  During testing of bilayer actuation, however, 

the bilayers stopped bending after from a few cycles to one hundred cycles.  The failure 

causes were reported before as 1) PPy delamination from the Au surface [2, 33, 106-108] 

and 2) loss of PPy electroactivity (degradation) [104-108].  PPy degrades in aqueous 

solutions because H2O and O2 in the electrolyte attack the N on the polymer [109, 110].  

A promising solution for some applications is to use ionic liquids, which are electrolytes 

without water [111-113].  However, for bioMEMS applications the devices must be used 

in water, so PPy degradation actually determines the lifetime of the devices.  It is thus 

necessary to quantify the degradation so as to characterize the lifetime, which had not 

been done before.  The former problem, PPy delamination, has troubled the community 

for a long time.  PPy delamination deteriorates the bending performance by resulting in 

smaller bending angle and force, and even causing a sudden device failure.  This problem 

is dangerous when the bilayer-based device/system is implantable, such as the bio-fluidic 

microvalve [48, 50].   Solving the delamination problem by using methods compatible 
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with current fabrication processes will not only improve the performance of cell-clinics, 

but it will also remove the most difficult problem in fabrication that the community faces.  

This part of work and results will be shown in Chapter 4     

In the cell-clinics, the bilayer bending performance determines whether the microsystem 

can work at all.  The bilayers must be able to rotate at least 90° to open the cell-holding 

vials, and rotate 180° to close the vials (Figure 11).  In order to encage and isolate cells 

for measurement, the bilayers must rotate the lids so that they can lie flat on the vial 

surface and fully cover the vials.  To close properly, the diameter of the bent bilayer 

should equal the sum of the height of the vial and the thickness of the lid.  Hence, the 

diameter determines the thickness of the vial and the lid, and furthermore the material 

and fabrication parameters (see Appendix E for details) to be employed.  The diameter 

also affects the design of the microstructures, e.g. determines positions of the vial and the 

bilayer (Figure 12).  In addition, the closed lids might be not tight enough for electrical 

isolation of vials.  Other techniques, such as using a magnetic force, are required to 

facilitate sealing the vials.  In this case, the PPy/Au microactuators need to exert enough 

force to open the vials.  Therefore, the PPy/Au bilayers need to be characterized in terms 

of the bending curvature and bending force. 
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Figure 11.  PPy/Au bilayers are required to a) close the cell-holding vials for 
measuring and b) open the vials for feeding cells and removing waste.  In order to 
fulfill this task, the PPy/Au bilayers have to bend 180° for closing and at least 90° 
for opening vials. 

 

 

Figure 12.  The distance between the bilayer anchor and the cell-holding vial, p, is 
related to the bilayer length L and bending diameter d, which implies the bending 
behavior of the bilayers determines the design of the microstructures.   

The bilayer bending performance is determined by both bilayer geometric parameters 

(dimensions, configurations, and layer thicknesses) and component layer mechanical 

properties.  Unfortunately, systematic characterization of the bending performance has 
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only been done on macroactuators [11, 19, 30, 34, 37, 40, 42, 114-119].  On the other 

hand, existing models [120] fail to predict the correct behavior of microactuators, in part 

because PPy is a “living” material, its properties vary with the doping state, thickness, 

and the microfabrication process [18, 23, 121].  Therefore, experimental data are required 

to characterize the bending performance of the PPy/Au bilayer microactuators.  Results 

of bending curvature characterization will be shown in Chapter 5  , and force in Chapter 6   

In summary, the primary purpose of this dissertation was to determine metrics for the 

PPy/Au bilayer microactuators.  Actuator metrics include stress, strain, Young’s 

modulus, strain rate, speed, operation frequency, efficiency, specific work, specific 

power, lifetime, etc. [114, 122, 123].  According to the target functions of the cell-clinics, 

as well as the other devices and systems that have existed and are emerging, the key 

metrics are identified as follows.  1) Strain.  Strain determines the bending curvature of 

bilayers.  Knowing the curvature and the geometry of the bilayers, a designer is aware of 

their complete moving behavior (e.g. bending angle and path).  The curvature was 

measured directly in this dissertation, and then strain was calculated.  2) Stress.  Stress 

results from strain of PPy during electrochemical redox.  When the bending is blocked or 

restrained, bilayers show a force or moment, which quantifies the extent that micro-scale 

bilayers interface to the macro-scale world.  Therefore, the force or moment is more 

meaningful than stress for applications.  Blocked force was measured in this dissertation.  

3) Lifetime.  The definition of lifetime in this dissertation is how many cycles a bilayer 

can bend before bending angle and force deteriorate.  As mentioned above, the lifetime is 

determined by both the mechanical integrity of the bilayer and the chemical stability of 
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PPy.  Without mechanical integrity, it is meaningless to discuss the effects of PPy 

stability on lifetime.  Hence, research focused on creating a no-delamination interface.  

Then, PPy degradation was quantified.  These metrics allow a more fundamental 

understanding of device performance.  Our group is investigating other metrics, such as 

the strain rate and speed [13, 16].  In addition, the development of fabrication processes 

for cell-clinics and Kapton bulk-micromachined actuators are also introduced and 

discussed.   
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Chapter 3   Bilayers for Cell-Clinics 

This chapter describes the process sequence that was developed to form bilayer 

microactuators and microstructures for cell-clinics, especially to build them on tiny 

CMOS chips.  Biocompatibility and stability of bilayers and microstructures were tested 

to ensure their suitability for use with cells.  Problems encountered during process 

development were identified, which motivated the work described in coming chapters to 

improve the design and fabrication of cell-clinics.  

3.1 Fabrication of Cell-Clinics 

There are two major constraints on the process sequence.  First, surface micromachining 

has to be employed because sensors and circuitry cover the chip surface underneath a 

passivation layer.  Second, low temperature fabrication is required because temperatures 

above 350 °C damage the CMOS devices.   

Smela and her colleagues [124] developed the first-generation processes and 

demonstrated a prototype of the cell-clinics in 1999 on a silicon substrate.  To begin the 

research on cell clinics, initial devices were created using that process, which used the 

“differential adhesion” method to release the bilayer hinges.  This technique is an 
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alternative to using a sacrificial layer to form a surface micromachined cantilever.  It 

involves depositing an adhesion layer of Cr and Au, and patterning openings in it to the 

oxide.  A second, structural Au layer (structural-Au) is deposited over this.  The PPy and 

SU8 are deposited and patterned over the structural-Au.  SU8 is a biocompatible negative 

photoresist [125] that forms the vials and lids.  SU8 has been broadly employed in 

MEMS to build microstructures with heights ranging from 2 to 100 μm, which covers the 

size of cells [126, 127].  The structural-Au layer is etched in the final step to release the 

PPy/Au bilayers; the other areas on the sample are protected by photoresist during the 

etching.  After the bilayers are released, they are able to bend away from the substrate 

because Au does not adhere to Si or SiO2.  The bilayers are anchored to the substrate over 

those areas covered by Cr.  The process sequence is shown in Appendix C.        

These PPy/Au bilayers were actuated to rotate the lids not only in NaDBS solution, but 

also in cell culture medium (Hank's balanced salt solution, which contains CaCl2, KCl, 

NaCl and inorganic salts, Invitrogen Corp.)  The actuation is shown in Figure 13.   

 

Figure 13.  A PPy/Au bilayer actuated in Hank's balanced salt solution (a cell 
culture medium).  From a) to c), a lid was rotated by the bilayer to open a vial. 



 
32

There was a problem with this process, however.  Photoresist pooled at the base of some 

SU8 structures, which prevented PPy deposition (Figure 14).  The problem was caused 

by the nonplanarity of the surface.  At the anchor areas, the pooled photoresist was too 

thick, so it was not properly exposed and developing did not remove it (Figure 14a).   

 

Figure 14.  a) A defective bilayer.  Photoresist was trapped by thick SU8 structures, 
which prevented PPy deposition.  b) A bilayer with PPy properly filling the area 
surrounded by SU8.  

To solve this problem, several approaches were tested during a process-development 

period.  These details are given in Appendix C.  The final result was a method that 

involved patterning the PPy using a photoresist template first, and then depositing and 

patterning the SU8.  The final fabrication process is shown in Figure 15.  
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Figure 15.  Fabrication process.  a) Thermal evaporation and wet etching of Cr/Au 
to permit differential adhesion of Au structural layer.  b) Thermal evaporation of 
Au structural layer followed by wet etching to define electrodes, bilayers, and wires.  
c) Patterning photoresist to form a template; PPy was deposited onto the open area 
of the template.  d) Patterning SU8 to form lids, vials, and wire insulation. e) 
Etching Au to release the bilayers.  

3.2 Fabrication on CMOS Chips 

After developing the fabrication process successfully on silicon substrates, fabrication of 

microstructures on CMOS chips was begun.  This switch involved treatments of the 

chips, finding a suitable way to handle the chips through the MEMS procedure, and 

adjusting the process.  Before discussing the fabrication, the CMOS bioamplifier chip 

onto which the structures were fabricated is described. 

3.2.1 The CMOS Chip 

Prof. Abshire’s group designed the first-generation bio-amplifier chip to sense electrical 

signals generated by heart muscle cells.  The CMOS circuitry is briefly introduced here.  

The circuit is an operational transconductance amplifier in a capacitive feedback 
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configuration as described in [128], designed for a gain range of 20 to 100 and a tunable 

bandwidth up to 10 kHz with supply voltages of +/-1.5 V [129].  The weak extra-cellular 

signals from electrically active cells (up to 500 mV, with 100 – 7,000 Hz frequency 

[128]) are to be amplified by an amplifier (×10 gain); the noise in the cell medium is 

processed by a filter (passband 500-5000 Hz, ×10 gain); finally the voltages are output to 

an oscilloscope (Figure 16).   

 

Figure 16.  a) Schematic showing the function of the bio-amplifier chip.  Cell signals 
were measured in the form of voltage, amplified by an amplifier, processed by a 
filter, and then output to an oscilloscope.  (Courtesy of Abshire [129].)  b) A 
photograph of the two electrodes in a SU8 vial.    

The CMOS chips were the first-generation bio-amplifier chips designed by Prof. 

Abshire’s group.  On the chip surface, there was an array of ten sensing electrodes with 

two sizes, 25 μm × 25 μm and 50 μm × 50 μm (Figure 17).  These electrodes were 

comparable in size to the lidded vials.  The chip surface was a layer of glass (silicon 

oxide) with glass cuts 2 μm down to the aluminum electrode layer.   

The sensing electrode fabricated by the standard CMOS is made of Al, which corrodes in 

cell culture medium [130].  In order to ensure good electrical measurements, the 
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material at the electrode/solution interface should have good corrosion-resistance.  A 

noble metal such as Au or Pt is normally used.   

 

Figure 17.  The first-generation bio-amplifier chip designed by Prof. Abshire’s 
group.  There is an array of ten electrodes for measurement.  The chip was 
wire-bonded for electrical connections.  (Courtesy of Abshire.) 

3.2.2 Electroless Plating of Au 

Since Al is not a suitable material for use as a sensing electrode in an electrolyte due to 

its poor corrosion resistance [130], it must be covered with another metal, such as Au.  

Electroless plating, instead of electroplating, avoids the need for making electrical 

connections to all the electrodes.  Electroless plating, instead of thermal evaporation, 

avoids the need for patterning.  (It also allows the Al on packaged chips without MEMS 

structures to be covered without unpackaging.)  A side benefit of electroless plating is 

that it results in a rough layer with a higher surface area, which increases sensitivity and 

decreases noise during measurement.   
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Electroless plating is a three-step process performed using a series of commercially 

available solutions (Technic Inc., Cranston, RI).  Because Au cannot be directly plated on 

Al, Zn and Ni are plated as intermediate layers (Figure 18):  Zn is first plated on Al 

(Figure 19), and then Ni is plated on Zn (Figure 20).  Finally, Au is plated on Ni (Figure 

21).  Detailed operations are described in Appendix G.   

 

Figure 18.  Two intermediate layers of Zn and Ni are deposited to facilitate Au 
plating on Al. 

 

Figure 19.  Zn was plated on top of Al. a) Al electrodes before plating, b) after 
plating. 

 

Figure 20.  Ni was plated on top of Zn.  Agitation was required during plating.  
Without agitation, Ni connected the electrodes.   
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Figure 21.  Au covered the Al sensing electrodes on the bio-amplifier chip. 

Cleanness was a critical issue in the electroless plating.  Contamination, such as NaDBS 

(a surfactant) on glassware, would result in uneven plating, or delamination of the plated 

layer (Figure 22).  Therefore, only dedicated hardware (beakers, volumetric cylinders, 

temperature probes, and stir bars) was used for plating.  Because the plating solutions are 

acid-based, the whole plating procedure was performed under a ventilation hood.  For 

these small dimensions, agitation was necessary during the plating.  Otherwise, Ni 

connected the electrodes (Figure 20).   

 

Figure 22. The Au layer on the left electrode came off due to contamination during 
plating. 

3.2.3 Handle Wafer 
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The first challenge to fabricate microstructures on CMOS chips was to handle the CMOS 

chip because the chip was quite small (1.5 mm × 1.5 mm).  Therefore a silicon handle 

wafer was employed.  Photoresist (Shipley® 1813) was spun onto a piece of silicon 

(approx. 20 mm × 20 mm), and a chip was placed onto this surface and tapped gently at 

the edges to ensure flatness and uniform adhesion.  The handle wafer was baked on a 

hotplate at 90 °C for 2 minutes to harden the resist “glue”.  After baking, the chip adhered 

strongly to the holder, and the combination could be handled as a regular sample (Figure 

23).   

 

Figure 23.  A CMOS chip was glued onto a piece of silicon with photoresist.  The 
silicon piece with the chip was handled regularly through the MEMS fabrication 
process.  a) Schematic of the cross-section of the handle wafer.  b) The handle wafer 
was as big as a nickel.  Note that Cr and Au were also evaporated onto the handle 
wafer during fabrication.      

3.2.4 Patterning Photoresist on a Tiny Substrate 

Another challenge was to obtain a flat and uniform photoresist layer by spinning.  Since 

the chip surface was small, photoresist became exceptionally thicker at the corners due to 

surface tension (Figure 24a).  In the worst case, uneven photoresist was seen not only at 
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the edges, but also at the center of the chip.  As a result, exposing and developing did not 

remove the thicker photoresist.  The unpatterned Cr and Au (Figure 15a-b) shorted the 

bond pads locating at the edges of the chip (Figure 24b).   

 

Figure 24.  a) Thick photoresist at the edge of the chip due to surface tension.  b) 
Unpatterned photoresist resulted in incomplete removal of the metal during etching, 
shorting the bond pads at the edges of the chip.   

This problem was solved by placing the sample far away from the center of the spinner 

chuck.  At this position, photoresist was spun under a higher velocity, which overcame 

the surface tension.  The chip/handle wafer combination was glued close to the edge of a 

4-inch wafer, again using resist (Figure 25).  With a short baking time (30 seconds at 90 

°C), the adhesion was strong enough to keep the chip on the 4-inch wafer during 

spinning, but weak enough to allow the chip to be taken off by tweezers afterward. 

The photoresist spun at the higher velocity became thinner.  Instead of the usual 1.5 μm 

thickness, when the sample was placed 40 mm from the chuck center, the photoresist was 

1.2 μm thick with the same spin rate (4000 rpm) and time (30 sec.).  The exposure dose 

therefore needed to be decreased from 120 mJ/cm2 to 110 mJ/cm2 at 365 nm during 
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photolithography.   

 

Figure 25.  Schematic of spinning photoresist with higher linear velocity and 
acceleration rate.  A 4-inch wafer was placed on the spinner chuck.  The chip and 
handle wafer were glued to the edge of the wafer.   

3.2.5 Final Microfabrication 

The microstructures were fabricated on the CMOS chips by using the process shown in 

Figure 15.  The only change was that after patterning the structural Au (Figure 15b), an 

electrical connection from the chip to the handle wafer was formed by wire bonding 

(Figure 26); the handle wafer was then clamped to the working electrode of the 

potentiostat to deposit PPy on the chip.  After PPy deposition, the bonded wire was taken 

off with tweezers. 
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Figure 26.  An electrical connection from the chip to the handle wafer was formed 
by wire bonding for depositing PPy.  

3.2.6 Actuation Tests 

To test bilayer actuation, the chip was placed into 0.1 M NaDBS solution with electrical 

connection made to the chip surface through a micromanipulator probe.  Voltages 

between 0 and -1 V vs. Ag/AgCl were applied to the sample using an external 

potentiostat (Figure 27).  Figure 28 shows a rotating lid, which verified successful 

fabrication.    
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Figure 27.  A setup for testing the MEMS-on-chip sample.  The sample was 
electrically connected to the working electrode of a potentiostat through a micro-
manipulator probe.  Gold wire and Ag/AgCl were connected to the counter and 
reference electrodes.  

 

Figure 28.  The MEMS process was tested by fabricating microstructures on the 
first-generation bio-amplifier chip.  A vial was positioned around an Au-plated 
sensing electrode, visible as a small square.  The PPy/Au bilayer was successfully 
actuated, as shown by the rotating lid in these images.  The area of the chip with the 
amplifier is indicated.  

Note that the lid in Figure 28, although it moved, did not close, whereas the lid is 

required to fully close and lie flat on the vial for encaging cells and ensuring electrical 

isolation.  In order to satisfy these requirement, bilayers must be specified in terms of 

dimensions and PPy:Au thickness ratio.  The distance between the anchor of bilayer 
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and the vial has to be determined as well.  Therefore, the bending behaviors were 

systematically characterized to improve the bilayer design; see Chapter 5  and Chapter 6   

for details.  In addition, the bilayers stopped bending after tens of cycles.  This problem 

was probably due to PPy delamination from the Au surface.  As a result, another line of 

research motivated by the actuation test in Figure 28 was to improve the fabrication for 

solving the delamination problem (see Chapter 4  for details). 

3.3 Biocompatibility and Stability 

Another issue related to fabrication is the biocompatibility and structural stability of 

materials used in the cell-clinics.  None of the materials should be toxic to cells, corrode, 

or delaminate in a cell-culturing environment, e.g. 37°C, 80-95% relative humidity, and 

salt solution.  It was reported that these materials were suitable [3, 131].  We also verified 

it through our own tests. 

Samples were fabricated consisting of all the materials used for the cell-clinics system:  

SiO2, PPy, Au, and SU8.  Nicole Nelson of Prof. Abshire’s group cleaned the samples 

with ethanol and rinsed them with DI water, then covered them with cell culture medium.  

She manually plated red-stained bovine aortic smooth muscle cells onto the surface of the 

samples, and placed them in an incubator for overnight culturing.  Figure 29 shows that 

the cells adhered and formed processes not only on the bottom of the vial, a silicon oxide 

surface, but also on the surrounding SU8 and Au.  The cells were continuously cultured 

on samples for one week, during which they stayed alive and reproduced, verifying 
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that the microstructures were not toxic to the cells.  We did not observe delaminated or 

corroded structures, which also verified the structural stability.    

 

Figure 29.  This was a sample only for testing the compatibility of cells and 
microstructures.  After overnight culturing, stained bovine aortic smooth muscle 
cells adhered to the microstructures and spread out. 

3.4 Summary  

In this chapter, bilayer microactuators and microstructures were fabricated on CMOS 

chips.  A process sequence was developed comprising low-temperature and surface 

micromachining steps that did not damage sensors or circuitry.  Methods for handling the 

tiny CMOS chips and patterning photoresist on them were developed to enable 

fabricating MEMS on CMOS.  Electroless plating Au on Al sensing electrodes was 

conducted to enable usage of the cell-clinics in electrolytes.  All materials employed were 

also tested to be compatible with cells.  In summary, the difficulties of fabricating the 

cell-clinics are essentially smoothed away.  On the other hand, problems were found in 

the actuation, which therefore motivated work not only to improve the design and 

fabrication of the cell-clinics, but also to achieve a fundamental understanding of the 

bending behaviors of bilayer microactuators.   
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Chapter 4   Improving Adhesion for Long-Term Actuation   

4.1 Background and Problem Statement 

The operation mechanism of PPy/Au bilayer microactuators is that PPy changes volume 

resulting from the electrochemical redox.  For PPy(DBS) layers in 0.1 M NaDBS, 2% in-

plane [18] and 40% out-of-plane [132] volume change were reported (Figure 30).  

Because the Au layer does not change volume, cyclic stresses are generated at the 

interface between PPy and Au.  The stresses drive the bilayer to bend from and back to 

the substrate.  On the other hand, the stresses also become the main cause of the bilayer 

failure [2, 33, 106-108]:  the cyclic stresses pulled PPy off Au (Figure 31).  Delamination 

is a means of relieving the actuation-induced stress at the PPy/Au interface [133].  

Delamination deteriorated the performance of PPy/Au microactuators by resulting in 

smaller bending angle and force and even caused a sudden device failure [33].  

Furthermore, if delamination takes place in an implantable device such as the blood 

vessel connector [134], the PPy segments will block capillary vessels and endanger the 

patient’s life.  Hence, it is important to understand which factors contribute to 

delamination and how to increase long-term adhesion between PPy and the electrodes, 

which will not only benefit the development of the cell-clinics, but also the 



 
46

commercialization of conjugated polymer based devices and systems [3]. 

 

Figure 30.  Schematic of PPy in-plane and out-of-plane volume change resulting 
from electrochemical redox. 

 

Figure 31.  PPy delaminated from the Au electrode due to cyclic stresses (courtesy of 
Christophersen). 

During electrochemical deposition of PPy, the polymer precipitates onto the Au surface.  

There is no chemical bonding between PPy and Au [106, 135], which results in poor 

adhesion.  Different groups have proposed possible solutions, which are categorized into 

chemical and mechanical means to strengthen the bonding, and therefore improve 

adhesion.   

Smela et al. employed thiol-modified pyrrole monolayers as possible adhesion promoters 

at the PPy/Au interface [136-139].  These monolayers were found to improve adhesion of 
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as-deposited films by other groups [140-142].  However, such monolayers were shown to 

be unstable to electrochemical cycling [139].   

Silanization is a commonly used method to promote adhesion between organic and 

inorganic materials [143].  Silanization can only be conducted on oxidized surfaces, such 

as titanium, which forms an oxide spontaneously.  Guiseppi-Elie reported immobilization 

of PPy on sensor arrays by using silanization [144].  In our lab, this method was 

unsuccessful.  Even it were successful, however, silanization requires a very clean 

surface:  the surface is treated thoroughly by a series of procedures including organic 

solvent rinsing, UV cleaning, and baking [144].  These cleaning procedures may prevent 

the use of silanization on devices and systems with fragile microstructures.   

In addition to the chemical means, mechanical means have also been investigated for 

adhesion improvement.  Ding [31] deposited PPy around a wire electrode for a strong 

attachment: a 25 μm platinum wire was wrapped around a central platinum column (125 

μm in diameter and 60 mm long) as a spiral; PPy was deposited around the column and 

the wire.  After deposition, the column was removed manually.  The actuator looked like 

a hollow tube and moved in the direction of the tube axis.  The thin platinum wire was 

embedded in the PPy; it worked as the electrode around the inner surface of the tube.  

However, most applications still employ PPy in the flat form, especially bilayer 

microactuators [108].  
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Pyo [107] reported improving the adhesion of as-deposited PPy by increasing mechanical 

interlocking.  A rough layer of Au was electroplated on top of a smooth layer of 

evaporated Au; PPy was then deposited on the rough surface.  The morphology of the 

plated Au (e.g. the crystal size and shape) played an important role in improving the 

adhesion.  Such “fuzzy” electrodes were used successfully for improving the adhesion of 

conducting polymer films on neural probes [106].  These devices were tested just after 

electrodeposition of the polymer and also after up to 25 cyclic voltammograms.  

However, the effects of Au electroplating conditions (e.g. solution concentration and 

plated Au thickness) on the Au morphology were not systematically investigated, nor was 

the adhesion improvement tested upon extended cycling.  Therefore, adhesion 

improvement by mechanically roughening the Au electrode was investigated.  Plating Au 

and wet etching Au were tested, and the effects of the two methods are compared in this 

chapter.        

PPy delamination and degradation take place simultaneously, and they influence each 

other during electrochemical cycling.  PPy degradation is believed to be due to water and 

oxygen in the electrolyte solution attacking the nitrogen on the polymer backbone [109, 

110].  When PPy degrades, its electroactivity is lowered, which induces less stress and 

less tendency to delaminate. On the other hand, when PPy delaminates, the electrical 

contact between PPy and Au decreases; ions and electrons transported in a unit period of 

time decreases as well, which reduces the loss of electroactivity.  A mechanical, rather 

than an electrical, test for adhesion was thus chosen, and the electrochemical behavior 
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upon cycling was measured.  

The test method employed was the ASTM standard tape test, D3359-02 [145].  The force 

applied by the tape has been reported to be 7.5 to 110 g/mm of width [146, 147] or 

5-9×105 Pa [148, 149], but this depends on the tape and how strongly it sticks to the film.  

Because the applied force is small, the test will only minimally influence the measured 

lifetime.  Previous work done in our group validated that the taping process did not 

shorten the measured lifetime, and that the interval of the taping did not affect the 

measurement [150].  This tape test method is also relatively simple and quick, does not 

damage the film, and can be applied during breaks in cycling.   

In summary, PPy delamination from the Au electrode surface is a problem that has 

troubled the community for a long time.  Various methods have been proposed to solve 

this problem.  Among of them, mechanically roughening the Au surface by 

electroplating, initiated by Pyo [107], is promising and has shown adhesion improvement 

on as-deposited PPy.  This method was further investigated, as well as another method:  

wet etching.  The adhesion improvement was tested using a standard tape test upon 

electrochemical cycling.  PPy degradation, which takes place simultaneously, was also 

investigated. 

4.2 Experimental Methods 
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4.2.1 Sample Preparation  

A 4-inch oxidized silicon wafer was sputtered with Cr (100 Å thick) and Au, and cleaved 

into pieces.  Some pieces were used as control samples, others for further treatments of 

Au wet etching or Au electroplating.  The sputtered Au was 2000 Å thick for 

electroplating Au, 3000 and 9000 Å thick for etching Au.  After the treatment, PPy was 

electrodeposited onto Au.  The thickness of PPy films was 3000 Å unless otherwise 

specified.  Each wafer piece was cleaved into small strips (samples) so that there was a 

10 mm × 10 mm area of PPy on each sample.     

4.2.2 Wet-Etching of Au 

A commercially available etchant (gold etchant TFA, Transene Inc., Danvers, MA) was 

used to etch the Au.  The etching mechanism is based on the reaction (3) [151].  One part 

of the original Au etchant was diluted with three parts of deionized (DI) water to reduce 

the etching rate for a good control of the etching process.   

(3) 2Au+I3
-+I- → 2AuI2

- 

A major problem was inconsistent etching.  When the sample was placed into the etchant, 

the etching takes place at the top and side of Au simultaneously (Figure 32a).  As a result, 

Au was undercut; Au at the edge was etched much quicker than that at the center.  Using 

photoresist to define a smaller surface area helped reducing inconsistence, but it did not 

solve the problem completely.  By using a rocking platform (Type 100, VWR Inc., 
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Bridgeport, NJ) for agitation (Figure 33), 1 mm wide region at the edge was etched 

quicker on a 15 mm × 15 mm surface (Figure 34b).  To get a uniform etching area for the 

adhesion test, these edges were cleaved.  The rocking rate was 50 cycles/min (set at rate 

4) and the rocking angle was 6°.  Rocking was better than stirring, which generated 3-4 

times larger edges.      

 

Figure 32. a-b) Schematic of Au undercutting during etching.  c) Photoresist can be 
used to reduce undercutting.  

 

Figure 33.  a) Au etching was conducted on a rocking platform for a good agitation.  
b) The rocking angle was 6°.     
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The samples were etched one by one.  The etch depth was controlled by the etch time.  A 

sample with 1.5 μm thick photoresist was etched in the rocking beaker for one minute, 

and then taken out, rinsed, dried, and measured by using a profilometer (Dektak3ST, 

Veeco Inc., Santa Barbara, CA).  The sample was continuously etched for one more 

minute and measured again.  The two surface profiles are shown in Figure 34a, which 

shows an etch rate of 2000 Å/min.  Note that the etch rate may vary with different 

manufacturing lots of the etchant.  In addition, the etching becomes slower with more 

samples etched.  Roughly, the etch rate remained constant during removing 8×10-2 mm3 

Au (e.g. remove a 8000 Å thick Au layer from one 10 × 10 mm2 sample) by using 40 mL 

etchant and 120 mL DI water.  The etch depth should always be checked by profilometry. 

  

a) Profilometry of an Au surface with 
photoresist protection after 1 and 
2-minute etching.  The change of the 
step height shows an etch rate of 2000 
Å/min.  

b) Profilometry shows the etching on 
the 1-mm wide edge area was quicker 
than at the center.  This edge was 
cleaved off for a uniform etching 
surface.  

Figure 34.  Profilometry of etched Au surfaces. 

After etching, photoresist was stripped from the sample surface by using ethanol.  Then, 

the sample was rinsed with DI water and dried with nitrogen for PPy deposition.  
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Samples were made with 700, 2000, 5000, and 7000 Å etch depths.  The morphology of 

the wet-etched Au surfaces was characterized by scanning electron microscopy (SEM, S-

4700, Hitachi Inc., Japan).  

4.2.3 Electroplating of Au   

The Au-plating setup was conducted in a three-electrode electrochemical cell.  The 

sample was connected to the working electrode, an Au coated wafer piece was connected 

to the counter electrode, and Ag/AgCl was used as the reference electrode.  All three 

electrodes were connected to a potentiostat (Autolab PGSTAT30, Eco Chemie B.V., the 

Netherlands).  Au was plated by applying a voltage vs. the reference electrode.  The 

thickness of plated Au was controlled by the total charge applied.  The plated Au 

thickness was measured by surface profilometry, and the surface morphology was 

characterized by SEM.  

The plating solution was made by mixing a commercial plating solution (Oromerse SO 

Part B, Technic Inc., Cranston, RI) with 1.7 M Na2SO3 solution.  The effective ingredient 

of the commercial solution is Na3Au(SO3).  The Na2SO3 solution was used to maintain 

the pH of the mixture and to prevent Na3Au(SO3)2  from decomposing [152].     

(4) Au(SO3)2
3- + e → Au+ + 2SO3

2- 

(5) Au+ → Au0 + Au3+ 
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The mechanism of plating Au [153] is that Au ions in the sulfite complex are reduced 

under an applied voltage: 

(6) Na3Au(SO3)2 + H2O + e → Au0 + Na2SO3 + NaHSO3 +OH- 

Different mixing ratios of the commercial solution over the Na2SO3 solution were used:  

1:3, 1:10, and 1:20.  The corresponding concentrations of Au ions are listed in Table 1.  

Table 1.  The corresponding Au+ concentrations in plate solutions with different 
mixing ratios. 

Commercial solution:Na2SO3 solution (volume ratio) 1:3 1:10 1:20 
Concentration of Au+ (mol/L) 0.08 0.03 0.015

 
Because the commercial solution is expensive ($1,000/liter), the plate solution was 

recycled.  According to Equation (4), the reaction reaches equilibrium at an alkaline pH, 

more than 9.5 as reported [153].  The pH of a newly-made plate solution (with a volume 

ratio of commercial solution to Na2SO3 of 1:10) measured using a pH meter (Type 720, 

Thermo Orion Inc., Beverly, MA), was 10.  The pH value of the plate solution decreased 

with more Au plated.  The plated Au layer was not uniform when the pH value was 

below 8.9.  Therefore, the recycled solution was tested by plating Au on a scrap before 

putting in a real sample.  Use of the recycled solution continued if the plated Au layer 

was uniform; otherwise a new solution was made.    

Cleanliness was critical to the Au electroplating.  Contaminations such as NaDBS (a 

surfactant) on glassware resulted in an inconsistent deposition.  Therefore, only 
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designated reference electrode, counter electrode, and glassware were used for plating.  

Also the samples (Au on silicon substrate) were cleaned using a freshly made piranha 

solution (H2SO4:H2O2:H2O = 1:2:4 volume ratio).  After cleaning, the samples were kept 

in DI water until electroplating.   

4.2.4 Electrochemical Cycling   

The samples were electrochemically cycled in 0.1 M NaDBS solution to cause stress at 

the PPy/Au interface, i.e. to drive PPy to delaminate.  Eight samples were cycled 

simultaneously in a specially made electrochemical cell:  all the samples were positioned 

in a circle and connected together to the working electrode (WE) of a potentiostat (Type 

BT 2000, Arbin Instruments Inc., College Station, TX).  An Ag/AgCl reference electrode 

(RE) was put at the center of the circle.  A piece of graphite (VWR International, West 

Chester, PA) was placed at the bottom of the cell as the counter electrode (CE), 

perpendicular to the WE and RE.  As a result, each sample had nearly identical position 

with respect to the RE and CE (Figure 35).  The voltages were switched between 0 V and 

–1 V to mimic the real environment in which stepping voltages are applied for a rapid 

bending of bilayer.  The voltage was hold until the PPy films were fully oxidized or 

reduced (Figure 36).         
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Figure 35.  Eight samples were electrochemically cycled simultaneously in a 
specially made electrochemical cell to drive PPy to delaminate.  Each sample had 
nearly identical position with respect to the RE (Ag/AgCl) and CE (graphite).  a) 
Photograph.  b) Schematic.  

 

Figure 36.  Voltage (dashed line) and current (solid line) vs. time when a 3000 Å 
thick PPy film was cycled between 0 V and –1 V vs. Ag/AgCl.  The corresponding 
current became constant after 4 seconds at each voltage, which implied PPy was 
fully oxidized and reduced.   
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Samples were cycled under the stepping voltages until they failed.  In this chapter, the 

definition of sample “failure” is:  1) PPy comes off completely from the Au surface; 2) 

PPy loses its electroactivity even it still adheres to the Au surface.  In order to check the 

electroactivity of PPy, triangular voltage ramps (Figure 4 in section 2.2.2), not the 

stepping voltages, were applied and cyclic voltammetry (CV) curves were recorded 

periodically before and after cycling. The oxidation/reduction peaks almost disappeared 

after 55,000 to 60,000 cycles (Figure 37), which implies the polymer degraded and lost 

its electroactivity.  Electro-inactive PPy does not undergo volume change, so no further 

delamination takes place.  Stepping was stopped when there was no PPy remaining on the 

Au or the PPy was no longer electroactive, and this defined the lifetime of the sample.  

The longer the lifetime is, the better the adhesion.   
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Figure 37.  Cyclic voltammetry curve at 50 mV/s of PPy after 60,000 cycles shows 
almost no redox peaks compared to that of the first cycling.  It implies PPy loses 
electroactivity.  

4.2.5 The Tape Test 

A tape test was used to find when delamination took place and how much of PPy came 

off from Au.  The applied voltage cycles were usually stopped every 5,000 cycles.  The 

samples were taken out of the cell, rinsed with DI water, and dried with nitrogen.  A 

piece of Scotch® tape (Type 810, 3M Inc., St. Paul, MN) was placed on PPy and pressed 

by a finger.  Color change was seen to ensure the tape had a good contact with PPy.  The 

tape was removed with the pulling force parallel to the sample (Figure 38).  If PPy came 

off, the delaminated PPy would stick to the tape.  After the tape test, the samples were put 

back into the cell and the cycling test continued.  Figure 39 shows PPy came off 
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gradually, starting at the edge because the interfacial shear stresses concentrate at the 

edges of the film [154].  No PPy was left on the Au after 20,000 cycles.  A curve of 

cycling number vs. delamination percentage was drawn based on the tape test results 

(Figure 40). 

 

Figure 38.  Illustration of the tape test.  a) Place a piece of Scotch® tape on PPy and 
pressed by a finger to ensure contact.  b-c) The tape was removed with pulling force 
parallel to the sample.  If PPy came off, the delaminated PPy would stick to the tape.  
d) No delamination was seen on this sample.    

 

Figure 39.  PPy came off gradually and no PPy was left on Au after 20,000 cycles on 
this sample (3000 Å PPy on 1800 Å Au plated at –0.9 V vs. Ag/AgCl by using a 
solution of 1:10 concentration). 
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Figure 40.  A curve of cycle number vs. delamination percentage was drawn based 
on the tape test results in Figure 39. 

There is a standard tape test method released by the American Society for Testing and 

Materials (ASTM D3359-02):  Standard Test Methods for Measuring Adhesion by Tape 

Test [145].  This method requires scribing the sample surface to form a grid for 

quantifying delamination (Figure 38).  Tape tests were also done directly on samples 

without a grid (called the regular method).  Test results from the ASTM and regular 

methods were compared by testing 2 groups of samples: control samples (Figure 41a) and 

electroplated samples with 1 μm thick Au (Figure 41b).  The samples showed similar 

lifetimes and delamination tendency under the two tape testing methods.  One control 

sample showed an exceptionally long lifetime, 12,000 cycles, under the ASTM method, 

which was most likely due to the large lifetime distribution of the control samples (see 

section 4.3 for details).  Hence, there was no difference between the two methods.   
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Four control samples were tested by the ASTM and regular methods.  Three 
samples had similar lifetime and delamination tendency.  One exceptional 
sample may be due to the large lifetime distribution of the control samples. 

 

Four electroplated samples were tested by the ASTM and regular methods.  
They had similar lifetime and delamination tendency. 

Figure 41.  Control and plated samples were tape tested using the ASTM and 
regular methods.  No obvious differences were observed, which verified that the two 
methods were identical. 
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4.2.6 Summary 

The experimental procedure is summarized in Figure 42:  PPy was deposited on bare Au 

(as control samples), etched Au, and electroplated Au.  Samples were electrochemically 

cycled to drive PPy to delaminate.  The adhesion between PPy and Au was characterized 

by a tape test and quantified into a delamination curve.  
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Figure 42.  Summary of the experimental procedure.  a) Start with 4-inch silicon 
wafer substrate.  b) Sputter Cr/Au onto the wafer.  c) Cleave the wafer into pieces, 
wet-etch and electroplate.  d) Cleave wafer pieces into strips as samples, deposit 
PPy.  Samples without treatment were control samples.  e) Cycle samples to drive 
them to delaminate.  f) Test adhesion by a tape test every thousands of cycles.  g) 
Quantify delaminated PPy on the tape into a lifetime curve.  
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4.3 Lifetime of Control Samples 

Before discussing the adhesion improvement, we want to know the lifetime of control 

samples (untreated surface).  Twenty seven control samples were cleaved from 6 wafers 

sputtered with Au in different batches.  The average lifetime of the controls samples was 

7,000 cycles (Figure 43).  There was a significant variation in lifetime among the samples 

from different batches.  The average lifetime in batches 1-5 was quite similar, 4,500 

cycles, whereas it was 17,000 cycles in the batch 6.  Even the samples coming from the 

same wafer had considerable variation.  The reason for the lifetime variation is still 

unknown.  It is clear, however, that the untreated surfaces are not good for possible 

applications due to the uncertain lifetime.     
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a) b) 

Figure 43.  The lifetime of control samples.  a) In 27 samples coming from 6 batches 
of sputtering, the average lifetime was 7,000 cycles.  b) Nearly half of the control 
samples failed within the first 5,000 cycles, and 90% failed within 15,000 cycles. 

4.4 Effect of Plating 

This section describes the effect of different plating conditions on the adhesion in terms 

of the lifetime and Au morphology.  Table 2 summarizes the electroplating conditions 

and values tested that might affect adhesion.  They are discussed individually.     

Table 2.  Summary of the factors and values of electroplating that were tested. 

Au plate conditions Plate voltage Plated Au thickness Plate solution 
concentration 

Values tested -0.9 V 
-1.25 V 

< 1000 Å 
1000 – 5000 Å 
> 1 μm 

1:3 
1:10 
1:20 

4.4.1 Effect of Plating Voltage 
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During electroplating, the applied voltage is the driving force for electrochemical 

reactions.  In order to find suitable plating voltages, a linear voltage sweep from 0 V to 

-1.6 V vs. Ag/AgCl was applied at 50 mV/s in a 1:3 plating solution, and the 

corresponding current recorded (Figure 44).  When the applied voltage was less 

negatively than -0.7 V, the current was small, which means a slow or even no plating.  

When the voltage became more negative, the current increased, and a current peak was 

observed at -1.25 V.  Bubbles were generated when the voltage was more negatively than 

-1.30 V, which is related to the hydrogen evolution reaction (equation (7)) [155].  For the 

plate solutions of three different concentrations (Table 1), the shape of the sweep curve 

remained the same, and only the voltages corresponding to the current peaks varied 

slightly.   

(7) 2H+ + 2e → H2 
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Figure 44.  A linear sweep voltammogram from 0 V to -1.6 V vs. Ag/AgCl (50 mV/s).    

The lifetimes of samples plated from -0.9 V to -1.25 V were compared.  Comparable 

samples had similar thicknesses of Au, and plating was done in 1:3 and 1:10 

concentration.  For samples plated in 1:3 concentration with thicknesses ranging from 40 

to 330 nm thickness (Figure 45a), there was no difference in lifetime, regardless of 

whether the Au was plated by applying -0.9 V or -1.25 V.  For samples plated in 1:10 

concentration, similar results were also observed (Figure 45b).  Hence, it can be 

concluded that the plate voltage did not play an important role in adhesion.   
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Figure 45.  Lifetime of samples with Au plated at -0.9 V and -1.25 V in (a) 1:3 and 
(b) 1:10 concentration solution.  Samples with similar thickness had similar lifetimes 
(except for two exceptional samples).   

Two samples with plated Au thinner than 100 nm had exceptionally long lifetime.  

Possibly the plated Au was too thin to “suppress” the significant variation of lifetime 
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among untreated samples.    

Although the plate voltage did not affect adhesion, it affected the MEMS fabrication.  

When Au was plated on the cell-clinics at -1.25 V, bubbles were formed on the Cr/Au 

opening of the MEMS structures (Figure 46).  These bubbles made the Au layer easy to 

break in subsequent fabrication.  Hence, Au was always plated on cell-clinics at -0.9 V.   

 

Figure 46.  When Au was plated at -1.25 V, bubbles were formed on the Cr/Au 
opening.  These bubbles made the Au layer easy to break during MEMS fabrication. 

4.4.2 Effect of Plated Au Thickness 

Figure 47 and Figure 48 show that 1 μm thick plated Au had a much longer lifetime. 

When PPy lost electroactivity, there was still 40-80% PPy remaining on Au (Figure 48).  

PPy on the thinner plated Au completely delaminated by 30,000 cycles, while 0.4 μm 

thick plated Au seems in the middle of the transition:  two samples completely failed by 



 
70

50,000 cycles while one sample retained 60% of the PPy when it lost activity.  Hence, 

thicker plated Au helped improving the adhesion.  

 

Figure 47. Lifetime of samples plated in 1:3 concentration.  Samples with plated Au 
1 μm and thicker demonstrated much longer life. 
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Figure 48.  Lifetime of samples plated in 1:10 concentration.  Samples with plated 
Au 1 μm and thicker again demonstrated much longer life. 

From top-view SEM micrographs (Figure 49-Figure 50), the crystal size of plated Au 

increased with thickness.  Furthermore, from side-view SEM micrographs, the crystal 

grains of 1 μm thick plated Au protruded and formed an irregular surface (Figure 51b-c).  

The irregular surface created anchor sites for PPy to hold, which improved the adhesion.  

In contrast, the surface of thinner plated Au, e.g. the surface of 0.3 μm thick plated Au, 

was quite flat and uniform (Figure 51a).   
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Figure 49.  Top-view SEM micrographs of Au plated in 1:3 concentration. 
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Figure 50.  Top-view SEM micrographs of plated Au in 1:10 concentration. 

 

Figure 51.  Side-view SEM micrographs of a) 0.3 μm and b-c) 1 μm thick 
electroplated Au at -1.25 V in 1:10 concentration.  The crystal grains of 1 μm thick 
plated Au protruded and formed an irregular surface.       

Watanabe [156] proposed a mechanism to explain the surface morphology change with 

increased plated film thickness (Figure 52).  During plating, the metal ions (M+) are 

reduced, so a metal ion denuded layer (MIDL) is formed in the area close to the substrate 

surface.  The metal ions diffuse to “refill” the MIDL to continue the plating.  In 
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practice, ion diffusion and reduction are not uniform due to heat fluctuation, so the 

thickness of the MIDL varies on the surface.  At the site that the MIDL is thinner, more 

ions are reduced.  As a result, a protrusion site is formed on the plated film.  

Simultaneously, a valley site is formed at the site with thicker MIDL.  As plating 

progresses, ion reduction at the protrusion sites is continuously promoted.  The film 

surface becomes rougher with more metal plated, and an irregular surface is formed.    

 

Figure 52.  Schematic of Watanabe’s mechanism to explain the surface morphology 
change with increased plated film thickness.  a-b) A metal ion denuded layer 
(MIDL) is formed in the area close to the substrate surface because of metal ion 
reduction.  The metal ions diffuse to “refill” the MIDL to continue the plating.  c) 
The thickness of the MIDL varies on the surface, which generates protrusion and 
valley sites.  d) As plating progresses, ion reduction at the protrusion sites is 
continuously promoted.  Finally, an irregular surface is formed.  (Courtesy of 
Watanabe [156].) 

4.4.3 Effect of Solution Concentration 

Figure 53 shows that the plated Au from the 1:10 concentration had a longer lifetime than 

those from 1:3 concentration.  The lifetime variance can be explained based on 

Watanabe’s mechanism [156].  Film growth at the valley sites comes from an overflow 
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of metal atoms from the protrusion sites (Figure 54a).  When a plating solution of lower 

concentration is used, the metal ions diffusing to the MIDL become fewer in a unit period 

of time, so do the metal atoms added to the film.  As a result, the overflow of atoms to the 

valley sites becomes weaker.  The extent of the overflow determines the distance that an 

atom moves from the protrusion to the valley via surface diffusion.  The atoms move 

shorter because of the weaker overflow, which leads to a less rounded region between the 

protrusion and valley sites (Figure 54b).   Hence, a lower concentration solution is 

favorable to generate a more irregular surface.  As a result, additional samples were 

plated using 1:20 concentration and tested.   

 

Figure 53.  Samples plated in 1:10 concentration had a longer life than those in 1:3 
concentration.   
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Figure 54.  Schematic of surface morphology affected by solution concentration 
[156].  a) High concentration leads to strong overflow and longer diffusion distance 
of atoms from the protrusion to the valley site, which creates a more rounded 
surface morphology.  b) Low concentration leads to weak overflow and shorter 
diffusion distance of atoms, which creates a more irregular surface morphology.     
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Figure 55.  Lifetime of samples plated in 1:20 concentration.  Samples with 1 μm 
thick plated Au demonstrated no delamination. 

There was no delamination from 1 μm thick Au plated in 1:20 concentration (Figure 55).  

Other students in our group (Q. Gan and S. Baig, ME department) independently plated 1 

μm thick Au samples in 1:20 concentration solution and repeated the adhesion test.  Their 

results confirmed that no delamination took place during cycling.   No obvious difference 

can be seen from the top-view (Figure 56a and d) and side-view micrographs (Figure 

56b, c, e, and f):  both show protrusions on the surface.  The reason for no delamination 

on 1:20 samples could not be determined from the micrographs.  By using the linear 

intercept procedure describe in the ASTM standard [157], the average grain sizes of Au 

were compared.  A grid comprising 5×5 test lines was drawn on top of the micrographs 

by using drawing software (Canvas, version 7SE, ACD Systems Inc., Canada).   The test 

line crossed a number of grains, and the length of the overlap between the test line and 
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these grains were measured; this is the intercept length.  The measurement was conducted 

on 8 micrographs of samples plated in 1:10 concentration and 6 micrographs of 1:20 

concentration samples.  More than 250 intercepts in total were obtained, respectively.  

The average grain size of 1:10 and 1:20 concentration samples was 0.39±0.17 μm and 

0.34±0.19 μm, correspondingly.  The distribution of grain size was quite similar in both 

cases, as shown in Figure 57.  Hence, it is difficult to explain the reason that the 1:20 

concentration samples had a better adhesion.  Other analytical tools such as AFM may be 

helpful to answer this question by investigating the detailed microstructures of plated Au, 

but the results on identifying and generating such a rough surface are good enough to be 

able to start using the method in applications.  Note that a concentration lower than 1:20 

was also tried.  The plate rate became very slow and Au deposited preferentially on the 

edges due to higher electric fields, which resulted in an inconsistent plated layer.  

Therefore, it is impractical to use lower concentrations.    
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Figure 56.  SEM micrographs taken on 1 μm thick Au plated in 1:10 and 1:20 
concentration.  a) and d) are top-view micrographs.  The side-view micrographs (b, 
c, e, and f) show protrusions on both samples.   
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Figure 57.  The distribution of grain size of Au films plated in 1:10 and 1:20 dilution 
plating solutions.  The x-axis is the grain size range, e.g. 0.3 means 0.25 < grain size 
< 0.3.  The y-axis is the percentage of the measured data within the various grain 
size ranges.  The total number of measurements was more than 250 in both cases.  

According to the bending curvature measurements (see section 5.4), bilayers with thicker 

Au layers had smaller curvature.  In particular, there was relatively little bending for 

bilayers with Au thicker than 0.3 μm.  Unfortunately, preventing delamination required 1 

μm thick Au (Figure 55).  Hence, plating Au does improve the adhesion, but it cannot 

create an applicable no-delamination surface for the bilayer microactuators.  For macro-

actuators with PPy ranging from a few [19] to tens of micrometers [11, 115, 158], using 

such a thick plated Au layer is workable.  In addition, a PPy-based micro-valve is being 

developed by our group (Figure 58) and other groups [33], which is not based on 
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bending (i.e. in-plane volume change), but on the out-of-plane volume change of PPy.  It 

has been reported the PPy delamination resulted in a short lifetime of the device [33].  As 

a result, the thick plated Au will be helpful in this kind of application. 

 

Figure 58.  A PPy-based micro-valve being developed in our group.  a-b):  Top-view 
of the valve.  PPy is deposited into a micro-channel connecting an inlet and an 
outlet.  c-d): When PPy is oxidized and reduced, its volume contracts and expands, 
which opens and closes the micro-channel.  (Courtesy of Nehmiz.) 

4.5 Wet Etching Results 

Figure 59 shows the delamination of samples with different etch depths.  PPy on samples 

with 5000 and 7000 Å etch depth completely came off before it lost electroactivity.  PPy 

on samples with 2000 and 700 Å etch depth adhered to Au.  In particular, only a little bit 

of delamination, <10%, was seen on the samples with 700 Å etch depth.  The 

delamination was spotty at the edge of the substrate.  New samples were fabricated and 
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the cycling and tape test repeated, and the same results obtained.  In summary, shallow 

etch depths, especially 700 Å, greatly increased the adhesion between PPy and Au. 

The reason for the adhesion improvement is illustrated by SEM micrographs.  Figure 

60a-c shows side-view micrographs of samples with 2000, 5000, and 7000 Å etch depths.  

All the micrographs clearly show the etching is faster along the Au grain boundaries, as 

the literature has described [151].  The “valleys” seen on the micrographs result from the 

etching:  the grains probably come off from the bulk Au once the grain boundaries are 

etched through.  The “valleys” on the etched Au surface form a larger contact area with 

PPy than that of the untreated Au surface, which actually helps to improve adhesion 

(Figure 60d).   

 

Figure 59.  Lifetime curves of wet-etched samples with 4 different etching depths.   
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Figure 60.  Side-view SEM micrographs of Au surface with a) 2000, b) 5000, and 
7000 Å etch depths.  All these images show that etching took place quicker along the 
grain boundaries, which seems to have resulted in grains coming off from the bulk 
Au.  d) Schematic shows the adhesion is improved probably due to PPy growing 
along the contour of the etched surface and being anchored.      

Figure 61a shows a side-view of the samples with 700 Å etch depth.  A layer structure is 

seen, as highlighted by the dashed circles.  The corresponding top-view SEM is shown in 

Figure 61b.  In this case, the etching time was shorter than that in Figure 60.  The grain 

boundaries were not completely etched through.  As a result, some grains did not come 

off (Figure 62a-b), which resulted in a layered structure (Figure 62c). PPy adhered more 

strongly to the layer structure than to the irregular surface of deep etching samples 

(Figure 60d and Figure 61c), which explains the less delamination on shallow etching 

samples.  
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Figure 61.  a) A side-view SEM of samples with 700 Å etch depth.  The layer 
structure is highlighted by the dashed circles.  b) The corresponding top-view SEM 
of a).  This layer structure was not seen on samples with longer etch times (c), which 
explains why the adhesion was not strong.    

     

 

Figure 62.  Schematic illustrating the formation of the layer structure during short 
etch time.  a) Au grains are closely packed before etching.  b) During a short time 
etching, the grain boundaries are not completely etched through.  Some grains do 
not come off.  As a result, layer structures are created to anchor PPy (c).        

Unlike the plating method, the etching method can be used with a thin layer of Au, so this 

is a useful method for improving adhesion in microstructures.  Another advantage of the 

etching method is the easiness of the process.  The plating method requires a very clean 

surface for Au deposition; fragile structures on micro-devices and microsystems are easy 

to break during the harsh cleaning procedures.  In contrast, the etching method is a simple 

wet etching procedure.  Some possible contaminations on Au can be removed during the 

etching as well, which will help the deposition of PPy, and therefore the adhesion 

between PPy and Au.  This etching method is compatible with the MEMS process, so 
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it can be easily integrated into bilayer fabrication.  For example, photoresist is patterned 

into bilayers for PPy deposition (see Appendix C); the etching can be conducted next, 

and then PPy deposited.  Furthermore, because the etching takes place on those micro-

scale bilayer areas, it will be easier to gain a uniform etching compared to the macro-

scale samples.  In conclusion, the etching method is a much better method than plating in 

terms of workability and easiness for MEMS.   

4.6 PPy Degradation    

As mentioned in the Introduction, the lifetime of the PPy/Au bilayer microactuators are 

limited by both PPy delamination and degradation.  As long as PPy strongly adheres to 

Au during electrochemical cycling, PPy degradation becomes the primary cause.  In other 

words, PPy degradation can only be identified and characterized when there is no 

delamination taking place.  In order to investigate the loss of electroactivity with cycle 

number, PPy was cycled on untreated Au surfaces (control samples) and etched Au 

surfaces (700 Å etch depth), 5 samples of each.  The cycling was stopped every 10,000 

cycles and CVs were recorded (Figure 63).  (No tape test was conducted.)  In both cases, 

the areas enclosed by the CV curves, as well as the height of the redox peaks, decrease 

with cycling (Figure 63).  The area enclosed by a CV curve is the total charge exchanged 

during the electrochemical oxidation and reduction, which is a direct and obvious symbol 

of the PPy electroactivity, as shown in Figure 64.  PPy on the etched surface lost 40% 

exchanged charge in the first 20,000 cycles, although redox peaks and color change were 

still observed in Figure 63a and in the experiments.  With continued cycling, the loss 
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of the total exchanged charge with cycling almost remains a linear relation.  There is still 

~ 40% charge remaining after 60,000 cycles.  In contrast, PPy on untreated Au lost 50% 

charge in the first 20,000 cycles.  The charge loss stabilized at 80% at 60,000 cycles.  

Because no tape test was conducted, PPy on both samples was not removed.  Hence, the 

charge loss comes from both degradation and delamination; PPy on the control sample 

lost more charge than that on the etch sample due to delamination.  In summary, the loss 

of electroactivity with cycle number has been quantified for the first time, which is 

important because it impacts how the PPy-based actuators can be used.  The cycling 

number at losing 50% exchanged charge can be considered as the lifetime of PPy to 

determine the biomedical applications for which the actuators are and are not appropriate.   
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a) CVs of PPy on the etched Au surface before cycling and after 20,000, 
40,000, and 60,000 cycles.  The total exchanged charge decreases with 
cycling, showing PPy degrades. 

  

b) CVs of PPy on the untreated Au surface before cycling and after 
20,000, 40,000, and 50,000 cycles.   

Figure 63.  The change of CVs of PPy upon electrochemical cycling.  
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Figure 64.  The total exchanged charge of PPy on the control and etched sample 
upon cycling.  Because the adhesion on the etched sample is good, the charge 
decrease is primarily due to PPy degradation.  In contrast, the charge decrease is 
due to PPy degradation as well as delamination on the control sample. 

4.7 Cycling Test on Real Bilayers 

There were two key differences between samples in the adhesion test and bilayer 

bending:  the former did not bend and the latter was patterned into micro-scale.  Adhesion 

improvement was therefore tested by plating Au on real PPy/Au bilayers.  The bilayer 

samples were designed and fabricated by Christophersen for characterizing the bending 

performance; see section 5.3.  Au 0.04 μm thick was plated (see top-view SEM in Figure 

65b) on 1000 Å structural-Au by using 1:10 concentration and -0.9 V.  The bending angle 

(after 100, 400, and 1,000 cycles) was used as an indirect measure of adhesion.  The 
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bending angle did not change after 100 and 400 cycles, but decreased 25-50% after 1,000 

cycles (Figure 66).  At the same time, delamination was seen, especially at corners where 

stress was concentrated (Figure 65a).   In contrast, the sample without plated Au 

completely failed after 100 cycles; PPy came off from Au and the bilayers did not bend.  

Hence, the plated thin layer Au improves the adhesion, although delamination was not 

prevented with this thin plated Au layer.   

 

Figure 65.  a) PPy came off after 1,000 cycles on a real bilayer-bending sample.  b) 
Top-view SEM micrograph of the Au plated on the sample. 
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Figure 66.  Bilayer bending angles vary upon cycling of an Au plated sample.  The 
bending angles do not change before 400 cycles.  After 1,000 cycles, the bending 
angles became smaller due to delamination.  See section 5.3 for the meaning and 
relation of the bilayer length and bending angle.   

Note that the control samples in the adhesion test always showed a lifetime longer than 

1,000 cycles, whereas the sample without the plated Au in the test above and in the 

bending characterization (section 5.4) failed at 100 cycles.  The difference may come 

from the different sample size.  The real bilayer sample is micro-scale; any delamination 

generated will spread so as to quickly affect the whole surface area.  In addition, the 

microfabricated bilayers have greater edge-to-center ratios and sharp corners, at which 

delamination begins.   

4.8 Summary and Suggested Future Work 
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The Au electrode surface was mechanically modified for improving the adhesion of PPy 

on Au.  The methods employed were electroplating and wet etching.  Compared to the 

chemical methods introduced in literature, the mechanical methods are easy to perform 

and are compatible with MEMS processes.  An experimental setup and a methodology 

were developed to test adhesion upon extended cycling, which is required for real 

applications of most PPy/Au bilayer actuators.   

Adhesion was significantly improved by depositing a layer of electroplated Au on smooth 

Au surfaces, as well as by etching a layer from the Au surface.  The lifetime was 

extended by tens of thousands of cycles, and the delamination mode was changed to 

prevent catastrophic failure.  In particular, samples with a 1 μm thick Au layer plated 

from a low concentration solution and samples with a shallow etch depth of 700 Å did 

not show delamination before PPy lost electroactivity.  Because the original Au 

morphology deposited by different apparatus and batches varied significantly [10], these 

specific operation parameters maybe not stay unchanged.  However, SEM micrographs 

illustrated the morphologies of surfaces with good adhesion, which will provide guidance 

for repeating the experiments and results.  These surface-roughening methods are not 

limited to the usage only with PPy and Au.  Indeed, they can also benefit a wide range of 

other conjugated polymer devices including electrochromic display [159, 160] and 

supercapacitors [161-163].  

The no-delamination Au surface also facilitated the investigation of PPy degradation 

upon electrochemical cycling.   The change of the shape of CVs and the corresponding 
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total exchanged charge showed that PPy lost 40% of its original electroactivity after 

20,000 cycles, which helps future users to understand the lifetime of PPy-based devices 

in aqueous electrolytes, and therefore the feasibility of their use in a specific biomedical 

application.  
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Chapter 5   Polypyrrole/Gold Bilayer Bending Angle 

5.1 Background and Problem Statement 

In order to turn the concept of PPy/Au bilayer microactuators into real applications, the 

designer must know the material properties and performance metrics.  Among the 

metrics, the bending performance is the key issue, which is determined by both the 

material properties and the geometry of the bilayers.  Previously, bending curvature [11, 

19] and Young’s modulus [22, 23] were measured using macro-scale bilayers with PPy 

thicker than 10 μm.  On the other hand, existing models [120] fail to predict the correct 

behavior of microactuators, in part because 1) there is a strain gradient in the PPy arising 

from the electrodeposition process [18]; 2) during actuation, the Young’s modulus of the 

polymer varies [23]; 3) the modulus of PPy has only been measured for thicker films 

[23]; 4) the morphology of the PPy changes with thickness [121]; and 5) the properties of 

the PPy may be affected by the microfabrication process.  Therefore, experimental data 

are required to characterize the bending performance of the PPy/Au bilayers.  This 

chapter focuses on curvature measurement, and the next chapter on force.   

PPy/Au bilayer microactuators are important components in the cell-clinics system.  

Their bending performance not only affects the design, but also determines whether the 
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microsystem can work properly.  In the cell-clinics, the bilayers must be able to rotate 

lids to open and close the cell-holding vials (Figure 11 in section 2.5).  In order to encage 

and isolate cells for measurement, the bilayers must rotate the lids so that they can lie flat 

on the vial surface and fully cover the vials.  Figure 67a shows an unsatisfactory bilayer:  

the lid only covered part of the vial.  To close properly, the diameter of the bent bilayer 

should equal the sum of the height of the vial h and the thickness of the lid t, Figure 67b.  

(The thickness of the Au is much thinner than h or t, so it is neglected.)  Hence, the 

diameter d determines the thickness of the vial and the lid, and furthermore the material 

(different types of SU8 generate layers with different thickness ranges) and fabrication 

parameters (the thickness of SU8 within a range results from the spinning rate) to be 

employed.  The diameter also affects the design of the microstructures by determining the 

relative positions of the vial and the bilayer (Figure 12 in section 2.5).  In addition, the 

closed lids might not be tight enough for electrical isolation.  Other techniques, such as 

using a magnetic force, may be required to facilitate sealing the vials.  In this case, the 

PPy/Au microactuators need to exert enough force to open the vials.  Therefore, the 

PPy/Au bilayers need to be characterized in terms of the bending curvature and bending 

force. 
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Figure 67.  A lid will lie flat over a vial when the bilayer bending diameter equals 
the sum of the height of the vial h and the thickness of the lid t.  a) A side-view photo 
of an actual bilayer bending and b) a schematic of bilayer bending. 

The bilayer bending performance is determined by both bilayer geometric parameters 

(dimensions, configurations, and layer thicknesses) and component layer mechanical 

properties.  Simple models predict that there is a ratio of PPy to Au thickness at which the 

bending curvature (1/r, r is the radius of the bending bilayer) is maximum [164], whereas 

the force simply increases with PPy thickness (Figure 68).  The layer thickness must 

therefore be properly designed:  the minimum PPy thickness is determined by the 

required force, with greater thickness negatively impacting speed; the gold thickness is 

then set by the PPy:Au ratio that gives the diameter d of the bending bilayer.  In this 

chapter, a comparison between the experimental data and the simple model is described, 

which resulted confirmation of the existence of strain gradients in the conjugated polymer 

film.        
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Figure 68.  Predicted bending curvature (a-b) and moment (c-d) as a function of 
PPy:Au thickness ratio.  The curvature and moment values are normalized with 
respect to bilayers of the unit width.  Different Young’s modulus of PPy, 0.2 and 
0.45 GPa, are used to show the changing trend of curves.  (Courtesy of Fanning and 
Sharpiro [165].) 

5.2 Experimental Methods 

Bilayers under an applied 0 V voltage were imaged directly by a digital camera 

(CoolpixTM 4500, Nikon Inc., Japan) attached to a microscope (MZ 125, Leica Inc., 

Germany), Figure 69.  The projection of the plates, Lp, was calculated by using the width 

of the electrode (50 μm) as a reference dimension, equation (8).   When the bending 

angle α was smaller than 90° (Figure 70b), α was calculated by using Lp and the plate 

length Ld that was known from the design, equation (9).  Furthermore, the bending radius 

r and curvature κ (κ=1/r) were obtained by using α and the bilayer length L, equation 

(10).  The calculation of α, r, and κ was similar when α was larger than 90°, see Figure 
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70d.      

(8) 
photoonelectrode
photoonplateLp −−

−−×
=

50  

plate-on-photo:  the plate width measured on the overhead photo(e.g. Figure 70a and c) 

by using drawing software (Canvas, version 7SE, ACD Systems Inc., Canada). 

electrode-on-photo:  the electrode width measured on the same overhead photo with the 

plate width.   

(9) 
d

p

L
L

Cos =α  

(10) 
ακ
Lr == 1  
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Figure 69.  Schematic of the experimental setup to measure curvature.  The bilayer 
is placed in a three-electrode electrochemical cell.  The curvature data are 
calculated from overhead photos taken through a microscope. 
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Figure 70.  The bending angle and curvature were calculated by using the projection 
of the plates.  The electrode width was 50 μm.  By comparing the plate projection 
and electrode width on the overhead photos, the plate projection LP is obtained.  
Then, the bending angle α and radius r are calculated by using geometry. 

An attempt was made to visualize bending angles directly so as to obtain curvatures.  In 

order to take photos when bilayers bent, a digital camera (CoolpixTM 990, Nikon Inc., 

Japan) attached to a microscope (Z16 APO, Leica Inc., Germany) was placed at an angle 

(around 45 °) with respect to the substrate surface of bilayers (called angle-view, Figure 

71).  The microscope was placed on a boom stand, which enables five degree-of-freedom 

positioning.  The sample was illuminated by a light source (ACE®I, Schott Inc., 
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Southbridge, MA).   

 

Figure 71.  a) An overview of the angle-view setup comprising microscope, digital 
camera, light source, boom stand, scatter, and electrochemical cell.  The whole setup 
was placed on an optical table to reduce vibration.  b) A close-view of the setup.  The 
sample was placed in the electrochemical cell and immersed into the solution.  Light 
was scattered by an Al plate to illuminate the tiny bilayers.  Photos were taken 
through the microscope.  (Courtesy of Chin.)   

Several problems arose during the measurements.  1) Bilayers could not be focused 

because any small vibration on the laboratory desk was amplified by the 

high-magnification microscope system (object piece × 9.2, eyepiece × 10, and camera × 

3).  Hence, the whole setup was put on an optical table to reduce vibration.  2) When 
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the sample was immersed into the NaDBS solution, the light was absorbed by the 

solution, which resulted in a poor lighting on the sample.  An aluminum plate was 

employed as a reflector that light from two illuminators was scattered and shone the 

whole bilayer.  At the same time, the solution added into the cell was remained as 

shallow as possible to reduce the traveling distance (and the absorption) of light in the 

solution; the sample was kept only tens to hundreds micrometers under the liquid surface.  

The depth was enough for the bilayers to move during the bending procedure.  The 

method of placing the microscope straight to the sample (Figure 72) was given up 

because this method resulted in the longer traveling distance and poor lighting that even 

the reflector could not help.   

Figure 73 shows the clearest image of a bent bilayer bilayer we could get.  The photo was 

still blurry.  In particular, it was difficult to identify the contour of bilayers for measuring 

the angle due to the shadow.  It was also very time-consuming to adjust illumination for a 

clear image, about half an hour for one bilayer.  As a result, overhead photos were used 

instead of the angle-view photos.       
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Figure 72.  Schematic of taking bending photos by placing the microscope straight 
to the sample. 

 

 

Figure 73.  Angle-view photo of a bent bilayer.  a) The clearest image we got by 
using the reflector.  b) The bending angle α is determined according to the contour 
of the bilayer.     

5.3 Bilayer Design 

In developing the fabrication process for the cell-clinics (see Appendix C), arrays of 

PPy/Au bilayers with 10 μm thick SU8 vials and plates were fabricated using low-cost 

transparency masks.  These bilayers were used not only to test the process, but also to test 

the bending performance.  The lengths of the bilayer bilayers were 50, 70, 130, 180, 230, 

and 280 μm.  All the bilayers had the same width of 100 μm (Figure 74).   
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Figure 74.  Size and dimensions of bilayers for rough design screening. 

Using these samples, the design of the bilayers was roughly screened (Figure 75).  Vials 

could not be fully covered by bilayers shorter than 130 μm, but bilayers longer than 130 

μm twisted.  Twisting is related to aspect ratio (length/width) of bilayers [166]:  short 

bilayers with aspect ratio less than 1 demonstrated normal bending.  Large errors 

occurred when curvatures were calculated even by using photos of not-twisted bilayers.  

The errors came from a number of sources.  1) Blurry photos.  According to Figure 70, 

clear images of both plates and electrodes were required for an accurate calculation.  

Because plates and electrodes were not on the same plane, the camera did not focus on 

them at the same time.  It was worse when the magnification was high due to the greater 

loss of focus depth.  A compromise had to be made to reduce magnification for a larger 

focus depth, zooming-in by using software to process photos for compensating the lower 

magnification.  2) Photolithography masks.  The masks were the low-cost transparency 

masks, which had around 10 μm dimension error.  In order to systematically investigate 

the bending behaviors of bilayer bilayers with different dimension, a high-resolution 
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Cr/glass mask had to be employed (see Appendix F for details).  3) In order to reduce 

errors coming from random variation in fabrication and measurement, enough redundant 

devices had to be fabricated and measured simultaneously.  As a result, the bilayers were 

redesigned by me and Dr. Christophersen (a postdoctoral fellow in our group).       

 

Figure 75.  Top-view bilayer bending performance in terms of bilayer dimensions 
and configurations:  short bilayers could not fully close vials, while longer ones 
twisted.  

Several aspects were involved in the new design of bilayer bilayers.  1) Aspect ratio of all 

bilayers was less than one (Figure 77).  For bilayers shorter than 10 μm, their width was 

40 μm.  The width of the other bilayers was 4 times their length (Table 3).  2) Bilayers 

with a series of lengths were designed.  The bilayer was expected to bend in a circle, 

which was verified by a photo taken from a side-view (Figure 76a).  As a result, bilayers 

with different lengths would bend to different angles but have the same curvature (Figure 

76b-c).  By measuring a series of bilayers, the average curvature was calculated to reduce 

measurement errors.  3) The high-resolution Cr/glass mask (±1 μm dimension error) was 

employed in photolithography.  4) There were around 3,000 bilayers drawn on the mask.  

This large number of bilayers was fabricated simultaneously to minimize variations from 
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fabrication.  In practice, Dr. Christophersen made around 30 wafer quarters with different 

PPy:Au thickness ratios (up to 9 ratios) and structural-Au thicknesses (500, 1000, and 

2000 Å).  Bilayers on each wafer quarter had a specific PPy:Au thickness ratio and 

structural-Au thickness (Figure 78); more than 90% bilayers bent normally.  5) SU8 

plates connected to the bilayers were 150 μm long, and their width was 20 μm wider than 

the bilayers (Figure 77).  The objectives of including the SU8 plates were to keep the 

bilayers from bowing during bending, helping to enable the curvature measurement 

(Figure 79).  The plates also magnified the displacement (Figure 80).  In addition, the 

plates enabled force measurements (see Chapter 6  ).  

 

Figure 76.  The bilayer bends in a circle, which is verified by the photo (a, courtesy 
of Christophersen) taken from the side.  As a result, bilayers with different lengths 
will bend to different angles but have the same curvature (b-c).   
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Figure 77.  Dimensions of the redesigned bilayers with aspect ratio less than 1. 

Table 3.  Dimensions of the bilayers for curvature measurement. 

Bilayer Length 
(μm) 

4 6 8 10 15 20 30 50 75 100 125 150 200

Bilayer Width 
(μm) 

40 40 40 40 60 80 120 200 300 400 500 600 800

Plate Width 
(μm) 

60 60 60 60 80 100 140 220 320 420 520 620 820
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Figure 78.  Overview of the sample for bending measurement.  There are around 
3,000 bilayers on a wafer quarter.  All the bilayers have the same PPy:Au thickness 
ratio, but different bilayer dimensions.  (Courtesy of Christophersen.)     

 

Figure 79.  When PPy(DBS) is oxidized, its volume contracts in both x and y 
directions, so bilayers without plates bowed.  (Courtesy of Duerkop.) 
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Figure 80.  The rigid SU8 plate is used to help the measurement by enlarging the 
displacement. 

5.4 Results and Discussion 

Figure 81 shows the bending angles of bilayers with 1000 Å thick structural-Au and 10:1 

PPy:Au thickness ratio.  The bending angle increased linearly with the bilayer length up 

to 180°, as expected.  When the bilayers were longer than 50 μm, they bent more than 

180° and the plates touched the substrate, which made further bending impossible.  Based 

on the equation (10), the curvature κ of bilayers of different length was calculated.  The 

average and the standard deviation were 0.074±0.006 μm-1.  The curvature of bilayers 

with other PPy:Au thickness ratio are plotted together in Figure 82, showing how κ varies 

with the ratio.  The curvature shows a maximum at 5:1, and then decreases.  (Maximum 

curvature means minimum bending radius r.)  In other words, a bilayer with a fixed 

length and a larger curvature will have a larger bending angle α.    
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Figure 81.  Bending angles vs. bilayer length.  The bilayers had 1000 Å thick 
structural-Au and 10:1 PPy:Au thickness ratio.  As expected, the angle increased 
linearly with bilayer length.  When the bilayers were longer than 50 μm, they bent 
more than 180° and the plates touched the substrate, which made further bending 
impossible.  The average and standard deviation of κ for this sample are 
0.074±0.006 μm-1.   
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Figure 82.  Curvature κ vs. PPy:Au thickness ratio.  All the bilayers have 1000 Å 
thick structural-Au.  The curvature increases to a maximum at 5:1 and then 
decreases.   

When the curves for different structural-Au thicknesses were plotted together (Figure 

83a), all three curves had a similar shape: the curvature increased to the maximum at 5:1, 

and then decreased.  At the same time, the figure shows that bilayers with the same 

PPy:Au thickness ratio but thinner structural-Au had larger curvature.  It is because both 

PPy and Au layers resists bending.  Bilayers with the same thickness ratio but thinner 

structural-Au have a smaller total thickness of PPy and Au.  Therefore, they are easy to 

bend.   
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Figure 83.  Curvature κ vs. PPy:Au thickness ratio of bilayers with different 
structural-Au thicknesses.  All three curves show a similar shape: the curvature 
increases to a maximum at 5:1, and then decreases.  Bilayers with the same PPy:Au 
thickness ratio but thinner structural-Au show larger curvature.   
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As mentioned in the Introduction, bilayers in the cell-clinics are required to actuate lids 

to lie flat (α=180°) at 0 V, as well as rotate at least 90° to open vials at -1 V.  In practice, 

all the bilayers rotated more than 90°.  So we only consider choosing a bilayer with 180° 

bending angle, and do not need to worry whether vials can be properly opened.   

5.5 Modeling  

This section briefly introduces the work of developing a model for bilayer bending.  

Timoshenko [164] developed a model based on pure bending of beams to describe bi-

metal thermostats.  Considering the similar situation of PPy/Au bilayer bending, his 

model was used as a starting-point.  The assumptions of the Timoshenko model include 

1) the bending radius r is much larger than the layer thicknesses, 2) the deformation is 

within the elastic regime, i.e. linear relation of stress and strain, 3) Young’s modulus and 

strain are constant through the thickness of layers, 4) the layers are isotropic along the 

directions of length and width, and 5) no external force exists.  The Timoshenko equation 

is expressed as: 

(11) 2432
2

21

4641
)1(6)(1
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mmn

hr ++++
+−

==
αακ  

where the PPy layer is denoted as 1, and the Au layer as 2.   

α:  in-plane strain.  (Because Au does not change volume during electrochemical redox, 
α2=0.) 
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h:  thickness.  m = h1/h2.  

E:  Young’s modulus.  n = E1/E2.   

Curvature κ was calculated and compared to validate this model.  Literature values were 

reported as E1 0.45 GPa [23]), E2 from 53 [167, 168] to 78 GPa [169] for thin film Au, 

and α1 from 0.35% to 3.6% [19, 23].  

Figure 84 shows how the modeling curves vary with α1 and n.  Curvature greatly 

increases with strain α1, while n changes the curve shape.  Curvature becomes larger with 

n, and the peak moves to the left side.   
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Figure 84.  Effects of strain α1 and modulus ratio n on shape and magnitude of 
modeling curves.  Curvature increases with strain.  The PPy:Au thickness ratio 
showing the maximum curvature moves to the left side with larger modulus ratio.   
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Figure 85.  A good fitting was obtained by applying a larger strain to thinner 
structural-Au.  Modulus ratio of 0.008 was taken by employing E1 of 0.45 and E2 
of 56 GPa. 

By changing α1 and n, the modeling curves were adjusted to fit the experimental data.  A 

good fit could not be obtained for data with 500, 1000, and 2000 Å thick Au 

simultaneously by applying a constant strain α1 to all the modeling curves.  As shown in 

Figure 85, a reasonable fit was, however, achieved when strains of 12.8%, 7.2%, and 

3.6%, were used, respectively.  Note that the average thickness of PPy from a) to c) in 

Figure 85 increased.  As a result, it is reasonable to propose that thicker PPy layers 

generate a smaller strain.  In other words, a strain variation exists along the thickness of 

PPy.    

Previous work has shown the properties of PPy(DBS) are anisotropic along the thickness 

[121, 170].  In particular, it has been reported that the volume change, which determines 

in-plane strain, varied with the PPy thickness [170].  It was probably due to more 

crosslinking or defects at PPy layers close to the Au interface resulting from 
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electrochemical deposition.  By fitting the experimental data, the existence of strain 

gradient in PPy was verified, as well as calculated for the first time.  The existence of 

strain gradient also explains why the Timoshenko model did not work to account for the 

experimental data of bilayers:  the Timoshenko model assumes a constant strain through 

the layer thicknesss.  Prof. Shapiro (Aerospace Engineering, UMCP) and Prof. Smela 

(Mechanical Engineering, UMCP) built a mathematical expression of the strain gradient 

to replace the constant strain in the Timoshenko model; see the full paper [171] for 

details.  On the other hand, the same n of 0.008 was used in all three modeling curves.  

Therefore, there are no significant modulus gradients in the film.   

5.6 Summary and Suggested Future Work 

In this chapter, PPy/Au bilayer microactuators with a range of dimensions and 

configurations were designed and fabricated to enable bending curvature measurement.  

Bilayers with a fixed PPy:Au thickness ratio show a specific curvature.  As the PPy:Au 

thickness ratio increases, the curvature first increases and reaches a peak around 5:1 

PPy:Au thickness ratio, and then decreases.  The thicker structural-Au in the bilayer 

resisted bending, which generated smaller curvature.  The experimental data were 

measured for the first time, which fills the blank in the data for metrics of bilayer 

microactuators, and will benefit future designers and possible applications.   

A simple model based on classical beam theory was introduced to describe the bending 

behavior of bilayers.  To fit the experimental data, we confirmed that a strain gradient 
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exists in the PPy.  Actuation strain is smaller with PPy closer to the Au interface, which 

results from electrochemical deposition.  Prior work on modeling bilayer bending failed 

due to neglecting this PPy strain gradient.  On the other hand, the fitting shows that there 

are no significant modulus gradients in the film.      

For cell-clinics, the curvature data allow easy variation of the design of the cell-culturing 

microstructures.  Recently, Beebe et al. reported that the height of PDMS microfluidics 

channels influenced cell proliferation when cells were cultured in channels for a week 

[53].  In contrast, no effects from the length and width of channels were observed.  In the 

cell-clinics, we can also build SU8 vials with different heights.  We can always design a 

bilayer to open and close the vials and enable the culturing, no matter what the height of 

the vial is.  The investigation of the effect of the microenvironment on cell behavior is 

very important for understanding cell biology, and is helpful to biomedical applications 

[172].   
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Chapter 6   Polypyrrole/Gold Bilayer Bending Force 

6.1 Background and Problem Statement 

The bending force exerted by the PPy/Au bilayer microactuators is a basic but important 

performance metric.  Designers need to know the force so that they can determine how 

many bilayer-actuated micro-valves are required to open a channel under bio-fluidic 

pressure [48, 173].  Another example is to open a sealed cell-holding vial in cell-clinics.  

In particular, the maximum force generated by bilayers against a load is indispensable for 

possible applications, which is indeed the block stress of bilayers.  As mentioned in 

section 5.1, existing models failed to predict the performance of bilayer microactuators.  

Hence, in this work a system to measure the force directly was developed.      

Force measurement was conducted before in our group by placing tiny objects on PPy/Au 

bilayers [18, 48].  Graduated MS student Lance Oh used glass cover slips 1 mm × 1 mm 

× 0.1 mm (L × W × T) weighing 0.52 mg.  The glass pieces were manually placed on a 

Kapton flap actuated by the PPy/Au bilayer microactuators.  Voltages were applied to 

actuate the flap until it could not lift the pieces any more (Figure 86).   Since the smallest 

size of glass that could be cut was still much larger than that of the flaps (0.4 mm × 0.4 
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mm), one end of the glass always rested on the substrate, which resulted in inaccurate 

measurements.   

Based on Oh’s preliminary results (Figure 87), we purchased a force transducer (Type 

406 A, Aurora Scientific Inc., Aurora, Canada) with 0.01 μN resolution and a loading 

range of ± 0.5 mN (positive reading represents a pulling force applied to the transducer, 

negative means a pushing force).  The force transducer is composed of a control box and 

a transducer head (Figure 88).  A glass tube (Figure 88b) extruding from the transducer 

head is connected to a variable displacement capacitor inside the transducer head [174].  

When a pulling or pushing force is applied to the glass tube, the capacitance changes.  A 

control circuit processes and converts the capacitance change to an output voltage, which 

is proportional to the sensed force.   

In our setup, the output of the transducer was input to the potentiostat, and thereby the 

force data correlated with the potential and current.  The force transducer was calibrated 

before the measurement by using objects with known weight.           
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Figure 86.  A schematic of measuring bilayer-bending force by placing glass pieces 
on bilayers and plastic flaps.  a) Top view, b) side view.  Note the glass was much 
longer than the flap.  (Courtesy of Oh [48].) 

 

a) Maximum weight lifted by a bilayer 
vs. thickness of PPy.  

b) Force vs. PPy/Au thickness ratio, 
data converted from a). 

Figure 87.  Preliminary results of measuring bilayer-bending force by placing glass 
pieces on bilayers (89 μm long, 300 μm wide, 4000 Å thick Cr/Au) and plastic flaps.  
(Courtesy of Oh [48].)  
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Figure 88.  The force transducer (Type 406 A, Aurora Scientific Inc., Canada) is 
composed of a control box (a) and a transducer head (b).  A STEM tip c) is glued to 
a glass tube for measuring the force.    

6.2 Experimental Methods 

The force measurement system was developed by me and Dr. Christophersen to measure 

the tiny force in an aqueous environment.  The experimental setup and operation 

procedure had to be considered carefully for accurate and repeatable measurement.  The 

primary challenges during development included: 

1) how to create a clear view of the microscale bilayers so that the force transducer 

could be positioned, 

2) how to obtain a reasonable reading during the measurement, and 
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3) how to ensure repeatability and accuracy of the measured force. 

The samples used to measure the force were the same as those for the bending curvature 

measurement.  Because the force transducer was placed over the sample (Figure 89b), the 

microscope had to be positioned at an angle with respect to the sample (Figure 89a).  The 

sample was placed in an electrochemical cell, with a piece of graphite used as the counter 

electrode.  The bending of the bilayer was monitored through the angle-view imaging 

system as shown in section 5.2.  The whole setup was placed on an optical table to reduce 

vibrations.  At the same time, all measurements were conducted during the night, when 

fewer people walked in the hallway, which helped keeping the image still, as well as 

improving the force measurement repeatability and accuracy.  

The SU8 plates were rotated by the bilayers to hit the force transducer for a reading.  

Because the glass tube was larger than the plate, a sharp tungsten tip (Figure 88c) was 

glued to the glass tube with paraffin wax as the sensing element.  The tip came from Prof. 

Chia-Hung Yang (Electrical & Computer Engineering, UMCP), who used the tip in a 

scanning tunneling electron microscope (STEM).     

The force transducer was calibrated before use by placing a 5.40 mg piece of Al foil on 

top of the sensing tip.  According to the manual, the corresponding output voltage should 

be 1.060 V (conversion factor 50 μN/V).  In practice, the average voltage from the 

transducer based on 5 separate measurements was 0.965±0.002 V.  As a result, the 
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conversion factor was changed to 55 μN/V.   

 

Figure 89.  a) The force measurement setup is composed of microscope, a light 
source, an electrochemical cell, and the force transducer.  b) A sharp tungsten tip 
(Figure 88c) is glued to the glass tube with paraffin wax as the sensing element.    

The measuring procedure is illustrated in Figure 90.  The sample was placed into the 

electrochemical cell.  Under the microscope, the tip was positioned a little bit above the 

plate, and then -1 V applied using the potentiostat.  As a result, PPy was reduced and the 

plate was moved upward by the bilayer to hit the transducer, and generated a reading 

(Figure 91).   
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Figure 90.  Schematic of the force measurement procedure.  a) The tip is positioned, 
not touching the plate.  b) A reduction voltage is applied and kept that PPy expands 
to actuate the plate to hit the force transducer for a reading.  

Bilayers with different PPy:Au thickness ratios and structural-Au thicknesses had 

different bending curvatures.  In other words, the length of the bilayers that generated a 

bending angle of 180° varied with respect to these two factors.  In the force measurement, 

the bilayers were required to have 180° bending angle (Figure 92a, b).  Otherwise, the 

bilayer will exert a horizontal force, Fh, on the transducer (Figure 92c).  According to the 

user’s manual of the transducer [174], this horizontal force will generate large errors in 

the measurement.  Hence, this error should be avoided by choosing a longer bilayer to 

measure.  At the same time, the longer bilayer is wider (5.3), which therefore generates 

larger force and makes the measurement easier.  Based on the results of the curvature 

measurement, bilayers with 100 μm length and 400 μm width were measured.   
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Figure 91.  The corresponding current (dashed line) and force (solid line) when -1 V 
was applied to a bilayer (PPy:Au thickness ratio 19, 1000 Å thick structural-Au). 

In practice, force was measured by applying a stepwise voltage, 0 V → -1 V → 0 V.  The 

force was calculated by subtracting the average readings at 0 V (0-50 and 200-250 sec 

with plates not touching the transducer tip) and -1 V (50-200 sec, plates touching the tip) 

in Figure 91.  The time delay in Figure 91 between the voltage and the force was the time 

that ions entered or left PPy, PPy changed volume, and the plate traveled. 
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Figure 92.  Schematic of the bilayer with bending angle a) more than, b) equal to, 
and c) less than 180°.  In c), the bilayer exerts a horizontal force Fh on the 
transducer and generates errors in the measurement, which should be avoided by 
choosing a bilayer with a suitable length. 

Note that the tip was positioned a little bit above the plate (Figure 93), because the tip 

would sense environmental vibrations when it was positioned on the plate directly, which 

brought a lot of noise to the zero reading before applying the voltage.   

 

Figure 93.  The tip was positioned at the plate center and a little bit above the plate 
to reduce vibration reading before applying voltage.    

In order to reduce the measurement error, the force was measured at least on 9 bilayers, 
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and the results averaged.  Multiple measurements by applying a pulse voltage cycle were 

not employed because the force dropped under the second and third load (Figure 94). 

  a) b) 

Figure 94.  Experimental curve (b) from applying a pulse voltage cycle (a) to a 
sample with 9:1 thickness ratio and 1000 Å thick structural-Au.  Force drops under 
the second and third load.   

The force transducer tip was not positioned at the edge of the plate because 1) the arm of 

force increases and the force decreases by half, which makes the measurement more 

difficult (smaller signal/noise ratio) and 2) plates were observed sliding away from the tip 

so that no reading was recorded.  In addition, when positioning the tip at the center of the 

plate, the edges of the plate can be used as references to help for an identical position 

every time (Figure 93).      

An issue of the force measurement is the smallest force the transducer can measure.  In 

both cases of plates touching and not touching the tip, the standard deviation of the output 
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force was 0.05 μN.  If a force is less than 0.1 μN, it will not be identified from the 

reading (Figure 95).  Hence, the smallest force that can be measured is 0.1 μN. 

 

Figure 95.  Schematic of smallest measurable force determined by reading 
variations. 

6.3 Results and Discussion 

Figure 96 shows how the force changes with the PPy:Au thickness ratio.  As expected, 

the force increases when the thickness ratio becomes larger.  At the same time, the force 

increases when the structural-Au becomes thicker, which is compatible with 

Timoshenko’s model [164]. 
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Figure 96.  Force data generated by bilayers with various PPy:Au thickness ratios 
and structural-Au thicknesses.  As expected, the force increases with thickness ratio 
and structural-Au thickness.  The data from our group’s previous work are also 
plotted, which follow the trend of my data fairly well.   

Our group’s preliminary results are also plotted in Figure 96 to allow comparison with 

our new results.  Oh’s bilayer was 89 μm long and 300 μm wide, which was close to 

mine (100 μm long and 400 μm wide).  In his experiments, because the glass pieces were 

long, he assumed that half of the weight of the glass pieces were on the bilayer, and the 

other half were on the supporting ground [48].  Hence, the force exerted by the bilayer 

(PPy:Au thickness ratio of 4.2 and 4000 Å thick Au) was 20 μN (Figure 87b).  If the 

bilayer had been 400 μm wide, this force would have been 26.7 μN.  Smela reported that 
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approximately 70 bilayers (1.91 mm × 40 μm, 800 Å thick Au, 1 μm PPy, 12.5 thickness 

ratio) lifted a total weight of 3.3 mg [18].  The force exerted by one bilayer (although it 

was not the maximum force) was normalized to 4.7 μN.  Oh and Smela’s forces followed 

the trend of the force vs. structural-Au thickness curves, which verified that these 

measurements were realistic and reasonable.   

Dr. Christophersen and I redesigned the bilayers so that the plates were ten times longer 

and the bilayers ten times wider in order to obtain higher signal to noise ratios as well as 

results that would be more straightforward to model.  However, during testing, the 

bilayers were found to bow, which resulted in unreasonable force readings.  Future work 

will include improving the design to accommodate the development of a bending force 

model.   

6.4 Size of Forces Obtained 

As mentioned in the Introduction, in order to open a sealed vial in the cell-clinics, the 

force exerted by the bilayer has to be larger than the force sealing the vial, which is 

furthermore larger than the force a cell generates to push the lid.  Now the force that the 

bilayers can exert has been measured.  How much force can a cell generate?  Lin et al. 

employed miniature transducer to measure the contractile force generated by a single rat 

heart cell [175-177].  Briefly, the cell was glued between two polysilicon beams.  When 

the cell contracted, the beams deformed; the deflection was monitored either by a camera 

or an integrated strain-gage.  By improving the structure and fabrication of the 
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transducer, their measurement dropped from 32 μN [177], 13 μN [176], to 6 μN [175].  

Tan et al. used another method to measure the contractile force [178].  They fabricated 

arrays of one-end anchored microneedles.  A bovine muscle cell was placed on the 

needles.  When the cell contracted, the needles under the cell deflected.  A bending force 

exerted on each needle was calculated based on the deflection; summing up the bending 

forces from all the deformed needles resulted in the force cell generated, which also 

depended on the area the cell spread.  The maximum force they measured was about 1 

μN.  Galbraith and Sheetz [179] measured the force by using a similar microfabricated 

device:  arrays of pads on the free ends of cantilevers.  A chicken embryo fibroblast 

crawled on pads and the force generated by the cell was calculated by monitoring the 

displacement of the pad.  They showed the result of 0.1-4 nN/μm2.  Typical dimension of 

cells is 5-20 μm in diameter [127].  For example, Pan’s [180, 181] group microfabricated 

“neuron cages” with 30 μm diameter to encage neuron.  Based on these data, the force a 

neuron generates during moving is about 3 μN, which is in the range of the forces the 

bilayer can exert.  Therefore, the bilayers can exert enough force to open a vial that is 

sealed to contain cells.       

6.5 Summary and Suggested Future Work 

In this chapter, another metric of PPy/Au bilayer microactuators, the bending force, was 

measured with respect to the PPy:Au thickness ratio and the thickness of the structural-

Au.  An experimental system and a methodology were developed to mechanically 

interface the microactuator with a macroscale instrument for measurement.  The 
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measurement results show that the force is on the order of μN.  It increases with the 

thickness of PPy; at a fixed PPy:Au thickness ratio, thicker bilayers generated more 

force.   

Based on the results of curvature and force measurements, cell-clinics for sealing the cell-

holding spaces can be designed.  An example is introduced here.  Bovine aortic smooth 

muscle cells (Figure 29 in section 3.3) were employed to test the biocompatibility of cell-

clinics.  These cells are approximately 15 μm in diameter.  In order to hold this kind of 

cell, the height of the vial should be larger than 15 μm.  In the fabrication of cell-clinics, 

the lids and vials are formed simultaneously by patterning SU8.  In other words, they 

have the same height.  As a result, the bending diameter d of the bilayers should be larger 

than twice of the diameter of the cell, i.e. d > 30 μm or κ < 0.06 μm-1.  The force this 

kind of cell can exert has not reported before.  According to the analysis in section 6.4, it 

is reasonable to assume the force is smaller than 10 μN.  So the force exerted by the 

bilayer should be larger than 10 μN.  A bilayer satisfying these requirements is found by 

checking Figure 83 and Figure 96:  a PPy:Au thickness ratio of 8 with 2000 Å thick Au.  

The bending curvature is 0.025 μm-1 (d = 80 μm) and the force is 25.5 μN (400 μm wide 

bilayer).  If this force is applied to a lid (150 μm long and 420 μm wide, Table 3 in 

section 5.3), a pressure of 405 Pa will be generated.  
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Chapter 7   Summary and Contributions 

In this dissertation, three key metrics of PPy/Au bilayer microactuators, lifetime, bending 

angle, and force, were measured for the first time.  These experimental results will enable 

the design and fabrication of cell-clinics, a CMOS-based microsystem for cell study and 

cell-based sensing.  Furthermore, these results will help to understand the basic properties 

of bilayer-based devices, e.g. how they perform and what are the factors affecting their 

performances.  Based on the knowledge and data, more real devices and microsystems 

will be developed and commercialization will be promoted.   

Lifetime of bilayer microactuators is limited by PPy delamination from electrodes and 

PPy degradation with electrochemical cycling.  The delamination problem has troubled 

the community for the last decade.  In order to solve this problem, Au electrode surface 

were roughened by electroplating another layer of Au, as well as by wet etching the 

original Au surface.  Through tape and cycling tests on samples processed by various 

conditions such as plate voltages, plate solution concentrations, plated Au thickness, and 

etched Au depths, the surface morphologies for a strong adhesion between PPy and Au 

were identified.  Thick plated Au (>1 μm) generated protrusions on the surface; 

shallowly etched Au (< 1000 Å) showed a “layer” structure.  PPy was anchored on both 

surfaces, so that the adhesion was improved.  Based on the surfaces without 
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delamination, the loss of electroactivity of PPy with electrochemical cycling was 

investigated.  The total exchanged charges of PPy linearly decreased with cycling, losing 

40% in the first 20,000 cycles and another 20% in the next 40,000 cycles.  These results 

elucidate the meaning of the lifetime of PPy-based devices in aqueous electrolytes, and 

therefore help designers to determine their feasibility for a specific biomedical 

application.  Part of this work and preliminary results have been presented in the SPIE’s 

12th Annual International Symposium on Smart Structures and Materials (EAPAD 2005) 

[182].   

Curvature was measured from micro-scale PPy/Au bilayers with a series of dimensions 

and configurations by taking overhead photos and calculating projections.  Bilayers with 

a fixed PPy:Au thickness ratio showed a specific curvature.  As the PPy:Au thickness 

ratio increased, the curvature first increased and reached a peak around 5:1 PPy:Au 

thickness ratio, and then decreased.  The thicker structural-Au in the bilayer resisted 

bending, which generated smaller curvature.  These experimental data can be used 

directly to enable design and fabrication of real devices.  In addition, a simple model 

based on classical beam theory was introduced to describe the bending behavior of 

bilayers.  Existence of a strain gradient along the thickness of PPy was confirmed by 

fitting the experimental data, which explained the failure of prior work on modeling 

bilayer bending due to neglecting this PPy strain gradient.  On the other hand, the fitting 

showed that there were no significant modulus gradients in the film.  Part of this work 

and preliminary results have been presented in the SPIE’s 12th Annual International 
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Symposium on Smart Structures and Materials (EAPAD 2005) [173]. 

A measurement setup and methodology were developed to measure the tiny force 

generated by PPy/Au bilayer microactuators.  The bending force was measured with 

respect to the PPy:Au thickness ratio and the thickness of the structural-Au.  The 

measurement results showed that the force was on the order of μN.  It increased with the 

thickness of PPy; at a fixed PPy:Au thickness ratio, bilayers with thicker structural-Au 

generated more force.  In real applications, an external loading always exists to restrain 

bilayer bending.  Hence, these first hand data are indispensable to designers.  The work of 

developing the tiny force measurement system and some preliminary results have been 

presented in the SPIE’s 12th Annual International Symposium on Smart Structures and 

Materials (EAPAD 2005) [173]. 

In addition, work was performed on fabricating cell-clinics.  A method was developed to 

build PPy/Au bilayer microactuators on CMOS chips.  This method provides an easy way 

to deal with post-CMOS MEMS fabrication, which will benefit the lap-on-a-chip field.  

Furthermore, this work provided experiences with different combinations of fabrication 

steps and sequences, which will help future designers to modify the processes when more 

components are added into the microsystem for more functions.  Part of this work and 

preliminary results have been presented in the IEEE’s 26th Annual International 

Conference on Engineering in Medicine and Biology Society (EMBS 2004) [46]. 
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Bilayers on a plastic substrate were also designed and fabricated so that the substrate 

itself folded, up to 360°.  Part of this work and preliminary results were presented in the 

12th International Conference of Solid State Sensor, Actuators, and Microsystems 

(Transducers 2003) [165]. 
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Appendix A Deposition of PPy 

The experimental setup to deposit PPy(DBS) was a electrochemical cell with three 

electrodes connecting to a potentiostat (Autolab PGSTAT30, Eco Chemie B.V., the 

Netherlands), Figure 3.  All the three electrodes were immersed in an aqueous solution of 

0.1 moles/liter (M) pyrrole in 0.1 M NaDBS (see [10] for details about making the 

solution).  An Au-coated silicon substrate was connected to the working electrode (WE) 

lead; PPy was deposited on the Au.  The reference electrode (RE) was Ag/AgCl (type 

MF-2052 RE-5B, Bioanalytical Systems Inc., West Lafayette, IN).  A reversible redox 

reaction (equation (12)) takes place and reaches equilibrium at the RE.  Thus, no current 

flows through the RE.  This reaction provides a reference potential (0 V) [12].  All 

electrochemical potentials given in this dissertation are voltages applied between the WE 

and the RE (i.e. vs. Ag/AgCl).  The CE was either a piece of platinum foil, an Au-

covered silicon substrate, or a piece of graphite.  In Figure 3, an Au-coated silicon 

substrate was used as the CE.  The CE should be much larger than the WE to ensure that 

the reactions do not limit the speed of the reactions at the WE [10].  The WE, the aqueous 

NaDBS solution, the counter electrode (CE), and the potentiostat comprise a complete 

current loop.       

(12) AgCl(s) + e ↔ Ag(s) + Cl- (aq) 
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In practice, PPy can be deposited by applying a constant voltage or current.  Because PPy 

can be overoxidized by applying a constant current [10], our group prefers applying a 

constant voltage.  The suitable voltage value is related to the electrochemical oxidation 

procedure.  If the voltage is too low, the deposition rate is slow, or no deposition takes 

place.  At a higher voltage, the deposition becomes faster.  However, the deposited PPy 

film is not uniform:  the edge is thicker than the center [10].  The suitable voltage is also 

related to the cell configuration (distance between WE, RE, and CE).  Hence, every time 

before depositing PPy on real samples, PPy was first deposited onto a scrap sample (an 

Au-coated silicon piece) to find the suitable voltage.  A voltage ramp was applied from 0 

V to 0.8 V at 0.05 V/s and the corresponding current recorded.  The current rose between 

0.45 and 0.5 V (Figure 97a), indicating the deposition started.  In order to obtain a 

uniform PPy film, a fairly low voltage was used, for example 0.47 V in Figure 97b.  

Under a suitable low voltage, the PPy film is deposited at a nearly constant rate.   
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Figure 97.  a) A voltage ramp vs. Ag/AgCl between 0 and -1 V at 0.05 V/s was 
applied and the corresponding current was recorded.  The current rose between 0.4 
and 0.5 V, as highlighted by an oval.  b) A close view of the highlighted area in a).  
The voltage of 0.47 V was chosen as the optimal deposition voltage, as highlighted 
by a circle.  

In order to obtain a PPy film with the desired thickness, the deposition time and the 

consumed charge were monitored.  There is a linear relation between the charge per unit 

area and the thickness when the PPy film is thin (< 1 μm) [10].  If the deposition area is 

known, a specific thickness can be obtained by controlling the total charge applied.  In 

addition, when the PPy layer on Au is thin, there are interference colors that correspond 

to different thicknesses [10].  An easy way to control PPy deposition thickness is to 

deposit PPy for a short time (such as 200 seconds), take out the sample, rinse and dry it, 

compare the color with a thickness-color chart [10], calculate the approximate deposition 

rate and time for the desired thickness, put the sample back to the solution, and continue 

the deposition.   

 



 
140

 

Appendix B MicroTAS 

MEMS technology is a necessary tool for developing μTAS.  In μTAS, liquid 

transportation on the micro-scale is indispensable, which has to be fulfilled by using 

microfabricated channels, valves, and pumps [183].  New MEMS materials (such as 

PDMS [184]) and fabrication techniques (such as soft lithography [185-187]) have also 

been generated in response to the development of μTAS.   

Fast progress in μTAS has been achieved since the early 1990s.  Novel methods, such as 

micro-scale sample preparation (e.g. extraction and preconcentration), chromatography, 

and electrophoresis have provided new approaches to facilitate analytical chemistry [188, 

189 ].  In addition, μTAS are becoming powerful and multi-purpose tools for biologists 

and life scientists.  DNA and proteins are being investigated by using μTAS [190].  

Moreover, there is a growing interest in monitoring cells with µTAS for potential 

applications in life sciences, pharmaceutical development, and environmental monitoring.   

MicroTAS have been developed to facilitate cell sampling, trapping and sorting, 

treatment, and analysis; see [191] for a good review.  Some μTAS products have 

appeared on the market, such as the flow cytometry chip (Figure 98) by Agilent Inc. 

(Palo Alto, CA) [192].  Currently, researchers are integrating existing microdevices such 
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as pumps, valves, sensors, and actuators to form more advanced and multiple-purpose 

systems.  Cells, not the composition of cells such as DNA and proteins, will be processed 

and analyzed.  

 

Figure 98.  Cell flow cytometry chip developed by Agilent Technologies, Inc. 
(Courtesy of Agilent [192].) 

Different research groups have shown simple microsystems by forming a cell-culture 

area on a sensing chip.  Brischwei [193, 194] and Baumann [67] randomly plated and 

cultured a large number of cells (e.g. 10,000 cells) on sensor arrays (area 20 mm2).  The 

sensor arrays included pH, oxygen, and temperature sensors for in parallel monitoring the 

cell culture medium, cell morphology, and cell action potential.  The signals they 

obtained were the average of the cell population, however, not from single cells.  

Eversmann et al. reported culturing one neuron directly on a CMOS biosensor array 

(Figure 99) [126].  The surface area occupied by the neuron with extended processes was 

0.01 mm2.  The culturing area was meso-scale, 30 mm2.  However, the ratio of the cell 

volume to the extracellular fluid volume in the in-vivo environment is always more than 

one [52].  Therefore, microstructures must be created in order to mimic an in-vivo 

environment. 
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Figure 99.  A snail neuron took processes when cultured on sensing electrode arrays.  
(Courtesy of Eversmann [126].) 

Beebe’s group constructed a platform comprising microfabricated channels, actuators, 

and valves to facilitate microsystem development [195, 196].  They are focusing on the 

effect of physical properties of microstructures on cell behaviors.  They found cells 

cultured in micro-channels had different performance (e.g. proliferation) compared to 

those cultured in traditional flask [52, 53, 74].  Their research will benefit the design of 

microenvironment for cell study.   

Quake’s group has developed an externally actuated, multi-layer PDMS-based 

microfluidic system [197, 198], which enabled large-scale in-parallel cell processing and 

analyzing such as cell lysis [199].  Because the materials used to build the 

microstructures are transparent, it is easy to monitor the system by optical means [198] 

such as the fluorescence sensing [200].  Nothing has been reported about integrating this 

system with CMOS sensing.     
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Sandia National Laboratory is developing microsystems to immobilize cells and deliver 

molecules (such as DNA and fluorescent molecules) into cells.  They demonstrated a 

micro-teeth (Figure 100a) [201] and a micro-port structure (Figure 100b) [202] for 

capturing cells.  They proposed to integrate electrical, optical, and force sensors to 

analyze cells [202].  No progress has been reported so far.    

 

Figure 100.  Microsystem for cell study developed by Sandia National Laboratory.  
a) A micro-teeth for capturing cells.  (Courtesy of Okandan [203].)  b) Cross-section 
of a proposed patch clamp array for holding and sensing cells.  (Courtesy of 
Okandan [202].)    

In addition to the properties of single cells, communication among cells is also an 

important topic for study [58].  Pine’ group fabricated neuron cages on a silicon substrate 

(Figure 101) for neural network study [180].  They used a micropipette to place neurons 

into cages through a hole at the top of each cage [181].  When neurons became mature, 

their size was larger than the holes, so neurons were encaged.  Their next step is to 

integrate the cages with electrodes for signal sensing [181].   
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Figure 101.  A “neurocage” developed by J. Pine et al.  a) Cross-section view of the 
envisioned neurocage.  A neuron is containing in the cage, sitting on the electrical 
lead for sensing.  Neurites spread through the tunnels.  b) 3D schematic of the cage.  
The tunnel was 4 μm wide and 1.5 μm high.  (Courtesy of Tooker [181].)    
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Appendix C Cell Clinics Fabrication Details 

Fabrication of Cell-Clinics, Challenges 

The design of the cell-clinics was complex, which made the fabrication difficult.  The 

microsystem was composed of metals (Au and Al), non-metals (e.g. silicon and silicon 

oxide), and polymers (PPy and SU8).  Compatibilities such as the adhesion between 

materials contacting each other have to be considered.  In particular, all the materials 

must be compatible with cells.  Another concern is the CMOS chip:  the fabrication is 

required to be low temperature because high temperature processing damages the CMOS 

circuitry.  Bulk micromachining should be avoided because the sensing electrodes are 

located on the chip surface.  Furthermore, all the fabrication methods (such as baking and 

etching) and chemicals (such as photoresist, developer, and etchant) should not damage 

the molecular structure of PPy or affect its physical and chemical properties.  (See Table 

4 for reference.)  In this section, my work of developing and improving the processes to 

fabricate microstructures on CMOS chips is described.   
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Table 4.  Compatibility between MEMS processing and PPy [10]. 

Damaging Use care, test first Harmless 

Cr etchant acids Au etchant 
high temperature (> 120 °C)  hot plate at 100 °C 
developer (KOH), bases solvents photoresist 
resist stripper / remover  UV light in mask aligner 

First-Generation Fabrication Process 

The first generation fabrication process is shown in Figure 102.  Figure 103 illustrates the 

differential adhesion method. 

 

Figure 102.  The first-generation fabrication process developed by Smela et al [124].  
a) thermal evaporation and wet etching of Cr/Au to permit differential adhesion of 
Au structural layer, b) thermal evaporation of Au structural layer followed by wet 
etching to define electrodes, bilayers, and wires, c) deposition and patterning of SU-
8 for lids, vials, and insulation of wires, d) electrodeposition of polypyrrole, e) final 
etching of adhered Au/Cr, f) cross-section of the microstructures.  (Courtesy of 
Lauenstein.) 
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Figure 103.  Schematic of the differential adhesion [204].  a) pattern Cr and Au, b) 
deposit structural Au, c) deposit and pattern other layers, such as PPy (green) and 
SU8 (white), d) etch away exposed Au, e) actuate structure for self-release.  
(Courtesy of Lauenstein.)   

SU8 is a viscous photoresist; the patterning procedure is composed of several steps, 

including spinning, soft-baking, exposing, post-baking, developing, and descuming.  The 

datasheet [205] from the manufacturer (Microchem Inc., Newton, MA) and the procedure 

described in the literature [45, 206] did not work in our clean room.  With the help from 

Mr. Sheng Li of Prof. Ghodssi’s group (Electrical and Computer Engineering, UMCP), a 

recipe was developed to pattern 10 μm thick SU8-5; see Appendix E for details.  

The photoresist-pooling process is explained in Figure 104.  Replacing SU8 by 

photoresist to form the anchor areas solved this problem (Figure 105).   However, the 

nonplanarity still existed because the SU8 lids and vials were formed first, then 

photoresist was used to pattern the PPy.  When more vials and lids were placed on a tiny 

CMOS chip and thicker SU8 structures were used to form deeper vials, this problem 

became more serious:  the nonplanarity interfered with photoresist spreading and resulted 

in deformed and incomplete photoresist structures after spinning.  In order to solve this 
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problem, other methods were tested and the second-generation fabrication process was 

developed.    

 

Figure 104.  Pooled photoresist was generated by the nonplanarity of the surface. a) 
SU8 was patterned to form anchor areas on the electrode.  b) Photoresist was 
patterned to form a template for PPy deposition.  Note that photoresist was trapped 
by SU8 at one anchor.  c) PPy was deposited on the bilayer and anchor areas.  No 
PPy was deposited at the anchor occupied by photoresist.  d) Photoresist was 
removed by ethanol.  The bilayer without the anchor was easy to break.      

 

Figure 105.  Before depositing PPy, the anchor areas were confined by photoresist 
instead of SU8.  a) No photoresist pooled at the anchor area.  b) A schematic of 
figure a). 

Second-Generation Fabrication Process 

One way to solve the problem is to use another method to pattern the PPy.  Because PPy 

is primarily composed of carbon and hydrogen, it can be etched in an oxygen plasma 

[10].  Thus, RIE was used instead of a photoresist template to pattern the polymer.  In 
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the new process (called 2-A process, Figure 106), the first three steps (Figure 106a-c) are 

the same as that of the first-generation process.  After patterning SU8, PPy was deposited 

everywhere on the structural-Au area (Figure 106d).  A third layer of Au (named the 

mask-Au) was thermally evaporated and patterned to cover the PPy that would form the 

bilayers (Figure 106e).  The sample was RIE etched to remove all the exposed PPy 

(Figure 106f).  By employing a power of 200 W and a chamber pressure of 0.3 mtorr, an 

etch rate of 1.2 μm/minute was obtained.  Finally, photoresist was patterned to protect 

bilayers and electrodes, and both the structural-Au and mask-Au were etched to release 

the bilayers (Figure 106g).   

 

Figure 106.  The 2-A process.  Steps a) to c) were the same as those in the 
first-generation process.  d) PPy was deposited on the structural-Au.  e) The 
mask-Au was evaporated and patterned to protect PPy on bilayer areas.  f) Exposed 
PPy was removed by oxygen plasma.  g) Au was removed to release bilayers. 
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Successful bilayer bending was observed, which showed that the fabrication, especially 

the thermal evaporation of Au on PPy and the dry etching, did not damage PPy.  

However, the final Au etching became the drawback of this process.  When the etching 

time was short, the mask-Au was not completely removed from the surface of the 

bilayers, which blocked ion transport and generated less bending.  When the etching time 

was long, the Au beneath PPy in the bilayers was undercut, which resulted in the broken 

bilayers.  It was hard to find a suitable etching time.  As a result, using oxygen plasma to 

pattern PPy was feasible, but using another mask material to replace Au would make the 

fabrication easier.  

Photoresist was used as the mask to replace Au during RIE.  This process was called 2-B 

process, Figure 107.  Because the photoresist is also a polymer, it has almost the same 

etch rate as PPy.  Therefore, in order to protect PPy, the photoresist had to be thicker.  

Spinning Shipley® 1813 photoresist at 4000 rpm for 30 seconds generates a 1.5 μm thick 

layer.  The PPy on the bilayers was typically 1 μm thick.  By using RIE with 200 W 

power and 0.3 mtorr chamber pressure, PPy was etched away in one minute (Figure 

107f).  If thicker PPy was deposited on the bilayers, thicker photoresist had to be used.  

However, if RIE was longer than 2 minutes, SU8 became opaque (Figure 108) and 

developed bubbles on the lids (Figure 109).  It is not clear what caused the bubbles.  

However, bubbles were not produced in the first-generation process in which RIE was 

not employed.  Thus, it may be that the vacuum (0.3 mtorr equals to 4 × 10-7 atm) and 

temperature (around 60 °C) during RIE damaged the MEMS structures, which should 
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thus be avoided in the fabrication. 

 

Figure 107.  The 2-B fabrication process.  Steps a) to d) were the same as those in 
the 2-A process (Figure 106).  e) Photoresist was patterned to protect PPy on bilayer 
areas.  f) Exposed PPy and photoresist was etched by oxygen plasma.  After etching, 
remained photoresist was removed by ethanol.  g) Au was removed to release 
bilayers. 

 

Figure 108.  SU8 structures became opaque when staying in oxygen plasma (200 W, 
0.3 mtorr) longer than 2 minutes. 
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Figure 109.  Bubbles were observed on the lids after RIE.  The yellow area of the lid 
was covered by photoresist during RIE, and the orange area was exposed to oxygen 
plasma.   

Third-Generation Fabrication Process 

Another way to solve the problem is to pattern PPy first, and then create the SU8 

structures (Figure 110).  Successful bilayer actuation showed the process of forming SU8 

such as developing and baking did not damage PPy.    
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Figure 110.  The 3rd generation fabrication process.  a) Thermal evaporation and 
wet etching of Cr/Au to permit differential adhesion of Au structural layer.  b) 
Thermal evaporation of Au structural layer followed by wet etching to define 
electrodes, bilayers, and wires.  c) Patterning photoresist to form a template; PPy 
was deposited onto the open area of the template.  Photoresist was removed by 
ethanol after PPy deposition.  d) Patterning SU8 to form lids, vials, and wire 
insulation. e) Etching Au to release the bilayers. 

Suggested Future Work 

The MEMS fabrication process is being updated to accommodate the improved bio-

amplifier chip, new sensing mechanisms (e.g. optical sensors), and further system 

integration.  For example, in order to avoid damaging the released PPy/Au bilayers, wire 

bonding and packaging should be conducted before the final Au etching.  However, the 

bond pads (made of Al, covered by electroless plated Au) were covered by photoresist as 

protection in the final Au etching; the photoresist had to be removed in order to do wire 

bonding.  A stripper-soaked cotton bar was used to remove photoresist on the bond pads, 

while keeping photoresist on the other area untouched.  The Au came off from some bond 

pads due to the rubbing, which furthermore led to the failure of the wire bonding.  A 

suggested solution is to cover all the bond pads with photoresist before electroless 
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plating the Au on the sensing electrodes.  After plating Au and stripping the photoresist, 

the pad surface is still Al.  (It was tested and verified that photoresist did not dissolve 

during the plating procedure.)  As a result, it is not required to cover the bond pads with 

photoresist before the final Au etching because Au etchant does not etch Al.  After wire 

bonding, the chip will be packaged that epoxy covers all the bond pads and wires to 

prevent shorting [47]; cells and the cell culture medium will not contact the Al surface of 

the bond pads, which avoid Al corrosion and other biocompatibility problems.   

Because the cell-clinics is a complex microsystem, a lot of problems related to the 

fabrication and integration cannot be foreseen until we meet them during the practice.  

The MEMS process development is indeed a test-and-refine procedure, which not only 

provides us a suitable method to fabricate the microsystem, but also facilitates us to 

deeply understand the properties of the composing materials and the compatibility among 

them.  Therefore, all the experiences gaining from the successful and failed samples are 

very precious and important for further development and improvement. 
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Appendix D Kapton Bulk-Micromachined Actuators 

Introduction 

The silicon bulk-micromachined actuators were firstly developed by Smela in 1993 [1].  

The fabrication process includes forming the PPy/Au micro-scale bilayers by 

photolithography, wet etching, and electrochemical deposition, and releasing the bilayers 

by etching a sacrificial layer or “differential adhesion” [204]; see [10] for details.  Based 

on her approach, self-folding boxes [2] and microrobot arms [43, 44] were demonstrated.  

The principal mechanism of these devices is that the bilayer bends under applied voltages 

and actuates a connected rigid plate (Figure 7).   

A feature of these devices is that the bilayers locate on top of the silicon substrate.  As a 

result, the movement of the bilayers and the rigid plates is limited to the upper side of the 

substrate.  If the substrate becomes movable, more flexible and complex actuation could 

be realized, for example, automatic folding 2-dimensional structures into 3-D objects.  

Furthermore, a roll-to-roll MEMS processes can be enabled, which are potentially 

inexpensive and mass-produced.  

In order to make the substrate to move, the bilayer and the substrate should form a hinge 

to actuate (Figure 111).  In order to fulfill this task, the movable substrate is required:  



 
156

1) it is rigid enough to be hold by using tweezers; 2) it has stable physical and chemical 

properties to go through the MEMS processes such as photolithography, etching, and 

metal deposition; 3) it is flexible enough to be actuated by the bilayers; 4) it can be easily 

etched through to form the hinges.  Silicon and glass satisfy the first three requirements, 

whereas the through etching of either of them is not an easy task, requiring special 

equipment (e.g. DRIE for dry etching silicon, double-side aligner for wet etching silicon) 

or special protection on PPy to avoid damage from etchants (e.g. HF is used to etch 

glass).  As a result, plastic was chosen as the substrate.  Kapton® (HN200, 50 μm thick, 

Dupont Co., Circleville, OH) with the stable properties over a large temperature range 

[207] was used, which can be etched by using oxygen plasma.   

 

Figure 111.  Schematic of a PPy/Au bilayer hinge with a movable substrate.  a) 
When PPy contracts, the bilayer bends clockwise.  b) When PPy expands, the 
bilayer bends counterclockwise.  As a result, the bilayer can be controlled to 
conduct flexible and complex actuations.  (Courtesy of Smela.)  

The process of fabricating the bilayer-on-plastic is similar to that of fabricating bilayer-

on-silicon [10], except etching through the substrate.  Because of employing the new 

material (plastic) and new step (dry etching), however, careful attention has to be paid to 
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the process, particularly to the interfaces between materials contacting each other. 

First-Generation Process 

The fabrication process is illustrated in Figure 112, primarily including the steps of 

creating PPy/Au bilayers on the substrate, etching through the substrate, and removing 

the etching protection to release the structures.  Before using as the substrates, Kapton® 

sheets (HN200, 50 μm thick, Dupont Co., Circleville, OH) approximately 5×5 cm2 were 

carefully cleaned with acetone, methanol, isopropanol, and deionized (DI) water; surface 

contamination prevented the deposited metals from adhering.  A layer of gold (Au) was 

either e-beam or thermally evaporated (200 nm, 0.5 nm/sec, <5×10-6 Torr) onto one side, 

referred to as the front side.  The Au acts as the electrode, as well as the structural layer 

of the bilayer.  It is necessary that the electrodes be electrochemically inert; either Au or 

Pt can be used.  The Au was patterned by photolithography and wet etching (Au etchant, 

Transene), Figure 112a.  Then, polypyrrole (PPy) was electrochemically deposited onto 

the Au until the desired thickness was reached, Figure 112b.   

Next, aluminum (Al) was deposited on the backside as an etching mask (Figure 112c).  

Just prior to that, the sample was rinsed in methanol and DI water to ensure the Al 

adhesion.  The Al was either e-beam or thermally evaporated (200 nm, 0.5 nm/min, 

<5×10-6 Torr).  This film was patterned photolithographically and wet etched (Al etchant, 

Transene).  As a result, Kapton at some specific areas was exposed for forming the 

PPy/Au bilayer hinges (Figure 112d).  Another 200 nm Al film was deposited on the 
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front side to protect the PPy layer during the subsequent etching of Kapton (Figure 112e). 

 

Figure 112.  Schematic of the first-generation process to fabricate the bilayer-on-
plastic.  It is composed of creating PPy/Au bilayers (a-b), etching through the 
substrate to form bilayer hinges (c-e), and removing the etching protection to 
release structures (f).    

The backside of the Kapton was etched by reactive ion etching (RIE) with an oxygen 

plasma (Jupiter III, March Instruments Inc., Concord, CA) to form the bilayer hinges 



 
159

(Figure 112e).  The chamber pressure and power during RIE were obviously important 

parameters.  At higher chamber pressure, the etch rate for Kapton slowed (Figure 113) 

and the Al was damaged; 0.3 mTorr gave good results.  At 290 W and 0.3 mTorr, the 

Kapton etch rate was approximately 0.9 μm/min.  The last step was to remove the Al 

from the both sides by using the Al etchant, completing the devices (Figure 112f). 

 

Figure 113.  A chart of the chamber pressure vs. the etch rate of the oxygen plasma 
on the Kapton.  The data show under a fixed power, the higher the chamber 
pressure is, the lower the etch rate is; the etch rate increases when the higher power 
is applied.  All the data is based on the experiments conduced on the RIE at the 
ECE clean room of UMCP.   

Based on this fabrication process, my groupmate L. Oh and I made several devices to 

demonstrate the bilayer-on-plastic.  For example, I made a self-folding box (Figure 114).  

There were five PPy/Au bilayer hinges (1 mm long and 50 μm wide, Figure 114a) on this 
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device.  The PPy on the five bilayers was electrically connected by the Au on the 

backside of the Kapton (Figure 114b), so the hinges moved simultaneously under an 

applied voltage.  When PPy was oxidized, its volume expanded.  As a result, the bilayer 

hinges actuated 1×1 mm2 Kapton “sidewalls” to compose a box (Figure 114c-f).  When 

PPy was reduced, the bilayers bent backward to form another box (photographs not 

shown).   

 

Figure 114.  Demonstration of a bilayer-on-plastic based self-folding box.  a-b)  
Schematic of the box’s structure, including five bilayer hinges, 1 mm × 50 μm.  c-f)  
Photographs show sidewalls were actuated by hinges to compose a box.  

During testing the devices, we met a delamination problem:  either the Au layer came off 

from the Kapton substrate, or PPy came off from the Au.  The latter is discussed in 

Chapter 4  .  The former was solved by another groupmate A. Daiub through adding an 

adhesion promoter layer of chrome (Cr); see [48] for details.  As a result, the process was 

updated by evaporating Cr (10 nm, 0.3 nm/sec, <5×10-6 Torr) onto the substrate, and then 

evaporating Au without breaking the vacuum.  During patterning metals into electrodes, 

Cr was also etched (chrome etchant, Transene).  After the Cr etching, we found the 
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etching residue remained on the sample surface, which resulted in PPy growing on the 

entire surface instead of on the electrodes (Figure 115).  Therefore, before depositing 

PPy, the residue was removed in freshly mixed piranha solution (1 part sulfuric acid, 1 

part hydrogen peroxide, and 5 parts water).  

 

Figure 115.  PPy grew on Kapton due to the Cr etching residue.  This problem was 
solved by cleaning the sample surface in the piranha solution.  (Courtesy of Oh.) 

Based on the improved fabrication process, other groupmates are developing a micro-

valve to be used to treat urinary incontinence without surgery (Figure 116); see [48] for 

details.     
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Figure 116.  Schematic of the bilayer-on-plastic based micro-valve for urinary 
incontinence.  The valve can be electrically controlled to a) close and b) open the 
bladder.  (Courtesy of Oh.) 

Second-Generation Process 

In the first-generation process, the Al was evaporated on both Kapton and PPy (Figure 

112e) to protect them during the oxygen plasma etching.  There were no adhesion 

problema between PPy and Al.  The next plan was to fabricate more complicated devices 

by placing PPy/Au bilayer hinges on both sides of the Kapton (Figure 117), for which a 

similar process was proposed (Figure 118).  Compared to the first-generation process, the 

main difference was that Al was thermally evaporated on both sides of the sample to 

cover PPy (Figure 118c), and then patterned in the Al etchant, Figure 118d.   When the 

sample was immersed into the Al etchant, however, the Al came off from the PPy (Figure 

119).  Al delamination was investigated, and a method to solve this problem was found.  



 
163

 

Figure 117.  Schematic of a microdevice that can realize more complicated folding 
by placing the PPy/Au bilayer hinges on the both sides of the substrate.  (Courtesy 
of Smela.) 
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Figure 118.   A comparison between the first- and the second-generation process.  
The primary difference is that the Al is evaporated and patterned on both sides of 
the substrate in the second-generation, whereas only the Al on the backside is 
patterned in the first-generation. 
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Figure 119.  a) The photo shows the Al close to the exposed PPy came off during 
patterning.  The close view b) shows the Al wrinkled and cracked, which implies the 
Al plastically deformed and then mechanically failed.  The delamination may due to 
the swelling of PPy.     

By carefully observing Figure 119, it can be seen that the Al wrinkled and cracked, which 

implies that plastic deformation and mechanical failure cause the delamination of the Al.  

In particular, the delamination took place close to the areas that were designed to expose 

PPy.  Because Al was photolithographically patterned by immersing the sample into a 

photoresist developer (Shipley CD-30), and then the Al etchant, it is possible that there 

was an inconsistent swelling of Al and PPy due to absorbing solutions.  Experiments 

were performed to verify this speculation. 

In order to test PPy swelling, PPy was deposited onto a patterned Au layer.  The 

thickness of PPy was measured by using a profilometer.  After immersing samples into 

the photoresist developer for 30 seconds and the Al etchant for 5 minutes (5 samples of 

each test), the thickness of PPy was measured again.  The operation time of 30 seconds 

and 5 minutes was the same as the time used in the real fabrication.  The measured values 

are shown in Figure 120.  PPy swelled ~ 30% after immersing in the Al etchant, 
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which is beyond the ductility limit of Al [208].  In contrast, there was no obvious 

difference from the data of immersing Al in the photoresist developer.   Hence, it was 

PPy swelling in the Al etchant that resulted in the Al delamination during patterning.   

 

Figure 120.  The thickness changing of PPy before and after immersing in the 
developer (circle), the Al etchant (square), and the Au etchant (triangle).  The data 
show PPy swelled 30% in the Al etchant, which is the reason of Al coming off from 
PPy.  There is almost no difference in the developer and Au etchant, so using Au as 
the RIE mask will not generate delamination.   

In order to get rid of Al from the fabrication process, Au was used as the RIE mask 

material.  Through the similar test as above, PPy only swelled a little in the Au etchant 

(Figure 120).  As a result, Au replaced Al as the RIE mask in the second-generation 

process.  During removing the Au on PPy after RIE, the structural Au in the bilayers was 

protected by the adhesion promoter Cr layer, so the bilayers were intact.  Note that 

because the Cr layer was thin, 100 Å, the bending behavior of the PPy/Au bilayers 
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was not affected.  In summary, the second-generation process is illustrated in Figure 121.   

 

Figure 121.  Schematic of the improved second-generation process.  The 
improvement is illustrated at 1) deposit a Cr layer as the adhesion promoter 
between Au and PPy (a); 2) evaporate and pattern Au on the both sides of the 
substrate as the RIE mask (c-e). 
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Appendix E Patterning of SU8-5 

The datasheet [205] from the manufacturer (Microchem Inc., Newton, MA, USA), and 

the processing procedure described in the literature ([45, 206]), did not work in our clean 

room.  With the help from Mr. Sheng Li of Prof. Ghodssi’s group (Electrical and 

Computer Engineering, UMCP), a recipe was obtained to pattern 10 μm thick SU8-5.  

Table 5 compares my recipe with the company’s datasheet.  The key difference came 

from the coating thickness.  The SU8-5 film was not 10 μm but 5 μm thick after spinning 

at 3000 rpm.  Hence, the spinning speed was lowered for a thicker film, and the 

corresponding baking time, exposure dose, and developing time were increased.  In order 

to reduce thermal stress, a ramping process was used to heat up and cool down SU8 

during baking.  The operation details are introduced below.  
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Table 5.  A comparison between the company’s datasheet and my recipe of 
patterning 10 μm thick SU8-5. 

 Spin Soft Bake Expose Post Bake Develop 
Microchem® 
Datasheet 
[205]  

Ramp to 
500 rpm 
over 5 
seconds, 
then ramp 
to 3000 rpm 
over 8 
seconds. 

At 65 °C for 
2 minutes, 
then at 95 
°C for 5 
minutes. 

100 mJ/cm2 
at 365 nm 

At 65 °C for 
1 minute, 
then at 95 
°C for 2 
minutes. 

2 minutes 

My Recipe Ramp to 
500 rpm 
over 10 
seconds, 
then ramp 
to 3000 rpm 
over 20 
seconds. 

Ramp to 95 
°C with the 
ramp rate of 
5 °C/min; 
keep 95 °C 
for 30 
minutes.  

250 mJ/cm2 
at 365 nm 

Ramp to 95 
°C with the 
ramp rate of 
5 °C/min; 
keep 95 °C 
for 30 
minutes.  

5 minutes 

Spin   

Before spinning, SU8 was dropped, not sucked out, onto the substrate with a clean plastic 

pipette to avoid introducing air bubbles into the SU8.  Since SU8-5 is viscous, it took 

about 1 minute for SU8 to flow around the substrate surface and the layer to become flat 

and even.  In order to cover the whole surface of the substrate after spinning, SU8 should 

occupy at least 90% of the surface area.   

In order to obtain a layer with uniform thickness, SU8 was not spun under a constant 

speed.  The spinning procedure was composed of two steps: the spin rate was raised from 

0 to 500 rounds per minute (rpm) over 10 seconds, and then raised to 1,500 rpm over 20 

seconds.  The first step was to drive SU8 to cover the whole surface area, and the second 
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step was to cast off extra SU8 for a final thickness of 10 μm.   

Soft Bake   

After spinning, the sample was baked on a programmable hotplate (PMC 

DATAPLATETM 720, Barnstead International Inc., Dubuque, IA).  The baking 

temperature rose from room temperature to 95 °C with a ramp rate of 5 °C/min.  The 

sample was kept at 95 °C for 30 minutes, and then cooled down to room temperature in 

30 minutes (Figure 122). 

 

Figure 122.  SU8-5 baking procedure.  The sample was heated from room 
temperature to 95 °C, remained at 95 °C for 30 minutes, and then cooled. 
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Expose 

The exposure dose was 250 mJ/cm2 at 365 nm (Karl Suss MJB-3 mask aligner, SUSS 

MicroTec AG, Germany).  A lower exposure dose resulted in incomplete crosslinking of 

SU8, while a higher does generated larger dimensions of the structures.  

Post Bake 

The procedure was the same as that of the soft bake.   

Develop 

The sample was developed in SU8 developer (Microchem Inc., MA, USA) for 5 minutes.  

After developing, the sample was dried under a stream of nitrogen.   

Descum 

A short oxygen plasma etch can remove the scum (leftover at the edges of SU8 structures 

after developing).  I used RIE (Jupiter III, March Instruments Inc., Concord, CA) at 200 

W of power and 0.3 mtorr of chamber pressure for 30 seconds.   

 



 
172

 

Appendix F Photolithography Masks 

During the microfabrication, two kinds of photolithography masks were used.  One was a 

transparency mask; the other was a Cr/glass mask.   

Transparency Mask 

The software package Illustrator® (version 9.0, Adobe Inc., San Jose, CA) was used to 

draw the patterns for photolithography.  The drawings were sent to R. G. M. Graphics 

Inc. (Bethesda, MD) to fabricate the transparency mask.  The mask was inexpensive ($30 

for a sheet of 8.5 inch × 11 inch) and fast to make (about half an hour).  However, the 

minimum feature size to be resolved on the mask is about 30 μm; there always exists 

around 10 μm dimension error.  Thus, the mask was only suitable for testing the design 

and fabrication of MEMS prototype.   

Cr/Glass Mask 

A Cr/glass mask was employed to fabricate microstructures that required high accuracy 

(such as the bilayers for characterizing bending performance in Chapter 5   Chapter 6  ) 

and tiny feature size (such as the microstructures on the CMOS chips).  The Cr/glass 

mask can be designed by most CAD software such as AutoCAD® (Autodesk Inc., San 
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Rafael, CA).  Since the microstructures were fabricated on CMOS chips, the mask had to 

be compatible with the chip layout (such as the position and size of sensing electrodes).  

Prof. Abshire’s group designed the chip layout and circuitry by using a software called 

Cadence® (Cadence Design Systems Inc., San Jose, CA).  Thus, Cadence® was used to 

draw the Cr/glass masks.  The masks (minimum feature size 5 μm, dimension error ±1 

μm) were fabricated by Photo Sciences Inc. (Torrance, CA).      
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Appendix G Electroless Plating of Au on Al 

Plate Zn on Al 

Zn was plated on Al surface as an intermediate layer.  The volume of solutions listed 

below can accommodate samples with a total surface area up to 100 mm2.  If samples 

with the larger surface area are to be plated, the solution volume needs to increase by 

proportion.  

• Put 30.0 mL DI H2O into a beaker. 

• Put 12.0 mL Techni EN Zincate solution into the beaker. 

• Stir the mixture at 200 rpm for 5 minutes. 

• Put in a chip for 30 seconds.    

• Take out the chip, rinse with DI H2O.  

Zn of 50 Å was plated on top of Al. 
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Plate Ni on Zn 

Ni was then plated on Zn surface as another intermediate layer.   

• Put 31.6 mL DI H2O into another beaker. 

• Add 2.4 mL Techni EN 2600A solution. 

• Add 6.0 mL Techni EN 2600B solution. 

• Stir the mixture at ~200 rpm for 5 minutes. 

• Measure pH by using a pH meter (Type 720, Thermo Orion Inc., Beverly, MA).  

The pH should be 4.9.  If the measured value does not equal 4.9, use 50% 

ammonium hydroxide to raise or 25% sulfuric acid to lower pH. 

• Cover the beaker, heat up to 190˚F (= 87.8˚C). 

• Put in the chip; manually shake the beaker every 2 minutes.  The plate rate was 

0.3 μm/min.  Usually, 5 μm thick Ni was plated on Zn for a good adhesion.  

• Take out the chip, rinse with DI H2O. 



 
176

After this step, a layer of Ni was coated on Zn.  Note the agitation (manual shaking) was 

necessary.  Without the agitation, Ni connected electrodes.    

Plate Au on Ni 

Au was plated on the intermediate layer Ni.   

• Put 23.4 mL DI H2O into another beaker. 

• Add 23.4 mL Oromerse SO part A solution.  

• Add 3.3 mL Oromerse SO part B solution.   

• Stir the mixture at 200 rpm for 5 minutes. 

• Measure pH by using the pH meter.  The pH should be among the range from 8.8 

to 9.  If the measured value is out of range, use 10% sodium hydroxide to raise or 

citric acid to lower pH. 

• Cover the beaker, heat up to 158-164˚F (= 70-73˚C). 

• Put in the chip; manually shake the beaker every 2 minutes.  The plate rate was 

0.2 μm/min.  Usually, at least 2 μm thick Au was plated on Ni for a good 



 
177

adhesion.  

• Take out the chip, rinse with DI H2O, dry with N2. 
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