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1 Introduction 

1.1 Background 
A microsystem is comprised of two or more devices that have features at the 
micrometer level. The system itself can vary quite a bit in size from tens of 
micrometer to several centimeters in side. The research field in which micro-
systems are studied is named microsystem technology (MST) in Europe and 
microelectromechanical systems (MEMS) in the USA. The MEMS abbrevia-
tion holds the key to what the field is all about. Microelectromechanical 
means that something mechanical and electrical interacts at the micrometer 
level. It can be either a sensor type of mechanism where a mechanical stim-
uli results in an electrical output or an actuator mechanism where an electri-
cal stimuli results in a mechanical output. Due to the close relationship with 
microelectronics a majority of the early microsystem developed were based 
on silicon. However, the last twenty years or so, other materials and proc-
esses have been put on the map of MEMS. Especially polymers have 
evolved as important materials as a cheaper complement or replacement for 
the extensively used and more expensive silicon. 

For those unfamiliar with the MEMS world a couple of examples where 
one uses microsystems might be helpful. A classic example is the acceler-
ometer used in car airbags. In the front part of the car there is a microsystem 
which can sense accelerations. If your car hits an obstacle with sufficient 
momentum the deceleration will be immediate. The electromechanic (or 
rather mechanoelectric) microsystem triggers on the deceleration and sends 
an electric signal to the ignition system inside the airbag. A small explosive 
inflates the airbag before your head hits the steering wheel. The system sav-
ing you from trauma is a small and cheap MEMS, based on an electrostatic 
sensing principle. 

Another example of a handy microsystem can be found in your digital 
camera. Pressing the photo button gently, the blurry image will get sharp the 
instant before the photo is shot. This is performed using the help of the auto-
focus system, which adjusts the lenses inside the lens package by fractions of 
a millimeter with the use of electromechanical high precision motors. 

MEMS can also be used inside your body for example a miniaturized 
pressure sensor can inserted in one of your arteries and be fed all the way up 
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to the heart. By monitoring the pressure, measured by the electromechanical 
microsystem, inside the artery the doctor can say if your blood clot is lethal 
or not. But hopefully you never have to use such a MEMS. 

Apparently many advanced microsystems have been demonstrated and 
have been commercially successful. One current challenge is to increase the 
performance of microsystems in terms of functionality and performance.  
There is e.g. an increasing demand for wireless networks for environmental 
monitoring and creation of the smart home. Potentially, microsystems are a 
solution, but still few complete wireless systems are reported. 

This thesis presents ways to achieve mobility of a microsystem by 
locomotion modules consuming little power. Further, a building technology 
for assembly of complex microsystems is presented. The innovations are 
utilized in two different autonomous microrobots, both representing com-
plete wireless microsystems, which can communicate and move around. 
Although the robots have specific tasks (discussed in chapter 2.2 and 2.3), 
the microsystems presented serve a more generic purpose by being a step 
toward complex autonomous and miniaturized systems with a high degree of 
functionalities.  
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2  Autonomous microrobots 

2.1 Introduction to microrobots 
The term microrobot involves a broad range of actuated systems ranging 
from stationary micromanipulators to mobile platforms. However, hence-
forth in this thesis, the term microrobot will represent a mobile microsystem 
capable of moving itself and its subsystems arbitrarily in the horizontal 
plane. 

An autonomous microsystem is wireless, i.e. it either harvests its energy 
from the surroundings or has an onboard power supply. Besides being wire-
less the autonomy includes some sort of intelligence such as programmable 
electronics. Usually autonomy also includes the ability to communicate 
wirelessly. Consequently, with the stated definitions an autonomous micro-
robot is quite a complex system comprising onboard power supply, commu-
nication, locomotion and electronics. 

 To envelope the whole history regarding the microrobots one would start 
with Feynman’s famous lecture “There is plenty of room at the bottom” in 
1959 [1] motivating the development of microsystems capable of exploring 
the micro- and nano-world and, pages later, end up with the state of the art of 
today. However, such a coverage is not in the scope of this thesis, but for the 
interested reader some highlights regarding autonomous miniature robots 
can be found in [2-6]. 

2.2 The MiCRoN robots 
MiCRoN is an acronym for “Miniature Cooperating Robots advancing to-
wards the Nano range”. The project1 [7] aimed at the development of new, 
mobile, 1cm3 sized autonomous microrobot system based on the results from 
the MINIMAN project [8]. The objective was to develop several robot 
                               
1 Project partners: University of Karlsruhe, Germany. Uppsala University, Sweden, Swiss Federal 
Institute of Technology,  Lausanne, Switzerland. Fraunhofer Institut für Biomedizinische Technik, St. 
Ingbert, Germany. National Technical University of Athens, Greece. Sheffield Hallam University, Eng-
land. Scuola Superiore di Studi Universitari e Perfezio¬namento Sant’Anna, Pisa, Italy. University of 
Barcelona, Spain 
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agents that could handle μm-scale objects and solve manipulation task in 
diverse fields in a cooperative manner, see Figure 1. By cooperation the 
mobile robots could solve complex tasks which would have been difficult to 
perform with a stationary micromanipulator platform. The cubic centimeter 
sized robots were developed to have a high resolution of the motion. Each 
robot was outfitted with a 3 degrees of freedom (DOF) locomotion module, a 
rotational tool actuator, a micromanipulation tool, a power pack, a global 
positioning system (GPS), communication and electronics, see Figure 2. In 
order to keep the electronics as simple as possible, the design of the robot 
actuators was focused on limiting the number of independent driving chan-
nels, the drive voltage and the power consumption. In addition all modules 
were optimized in terms of performance, ease of fabrication and assembly. 
Both the locomotion module and the rotational tool actuator were based on 
piezoceramic actuators as they inherently allow for high resolution motion 
and a high degree of miniaturization. In order to obtain steps sizes of about 1 
μm with the 20 V provided by the onboard electronics multilayered piezo-
electric actuators together with motion amplification principles (bimorphs) 
were used [9].  

 
Figure 1. One of the aims with the MiCRoN project was to fabricate robots working 
cooperatively. Shown are two robots with microgrippers placing objects on a solder 
plate. 

The GPS was based on an optical Moiré technique wherein a beamer pro-
jects a virtual concentric grid on the workspace of the robots. Each robot was 
equipped with three targets (see Figure 2) with 5 concentric circles and the 
superposition with the virtual grid results in Moiré patterns. When the robots 
move this pattern will change, and by optical tracking of this pattern and 
some mathematical analysis the absolute position of the robots can be deter-
mined with accuracy better than 5 μm [10].  
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The robots were able to communicate with up tot 1.152 Mbps, using a IR 
transceiver (mid infra red) [9]. 

Depending on the task to be performed the MiCRoN-robots carried one of 
the micromanipulation tools developed in the project, such as a syringe [11], 
a gripper [12] and an atomic force microscopy (AFM) [13].The rotational 
tool actuator was used to accurately position the tools.  

Power management was a critical issue to ensure autonomous operation 
of the robot for sufficiently long time to accomplish a predetermined task. 
For this purpose a power consumption of significantly less than 1 W per 
robot was aspired. So for the power pack two solutions were developed. A 
stack of 3 coin cell batteries2 could provide the robot with 3.3V and roughly 
300 mW. However, due to the limited power capacity of the batteries and the 
higher than expected power consumption of the electronics, this solution 
could not provide the requested power for more than 1 minute. The second 
solution was a power floor [14], in which the robot harvest power from an 
external alternating magnetic field through a miniaturized coil onboard the 
robot by inductive coupling. The external magnetic field was generated by 
an inductive coil located under the glass surface upon which the robots were 
operating (25x25 cm2). A long as the robots were operating on the power 
floor, sufficient amounts of energy (~500 mW) could inductively be trans-
ferred.  
The electronic module was designed to perform the following predefined 
robot capabilities: communicating with the host personal computer (PC); 
driving all piezoelectric actuators and sensing and controlling the tools. In 
order to accomplish these requirements, 4 different modules were designed 
and implemented: power source generation module, input sensing for control 
system, mixed signal IC module and power addressing and amplification IC 
module. All these modules were placed on 4 printed circuit boards of 
12x12mm2. Details about the electronic modules can be found in [15-17].  

In the MiCRoN project, several locomotion module designs relying on 
different motion mechanisms, but all fabricated in piezoelectric ceramics, 
were developed. One of them was developed in Switzerland (EPFL) and 
comprised a metal frame with piezoelectric bimorphs bonded to the sides of 
the frame. The bimorphs were driving three feet using a stick-slip mecha-
nism and had three feet [18]. Another module was developed by the author 
(paper I) and comprised four multilayered bimorphs monolithically inte-
grated  in a piezoceramic body and adapted to provide movement using a 
walking mechanism. The two modules showed the comparable characteris-
tics in size, position resolution, degrees of freedom (x, y, �z), speeds and 
power consumption. The metal frame based module was chosen to be inte-
grated for locomotion while the monolithic solution was used in the tool 
actuator. 
                               
2 Panasonic SR1120W AGO2 electrolyte 
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Figure 2. The MiCRoN robot is comprised of a GPS system, IR-communication, 
rotational tool actuator, power pack, electronics and a locomotion module (not visi-
ble). 

The robot was able to scavenge the energy from the power floor giving 
full autonomy. By an external PC the robot was programmed wirelessly 
through the IR communication. The locomotion module and the rotational 
tool actuator gave the tools (e.g. the microgripper) 4 DOF. In total 5 Mi-
CRoN robots were manually assembled using soldering. 

The final size of a MiCRoN robot was approximately 10x10x20 mm3. 
The power scavenged from the power floor was roughly 500 mW and the 
voltage for the actuators was 20 V. Maximum speed of locomotion was 0.75 
mm/s. The angular velocity for the arm could be changed by changing the 
frequency. The total power consumption, i.e. electronics plus actuators was 
~400 (3.6) mW and 200 (2.8) mW for the locomotion and rotational tool 
actuator respectively. The figures inside the parenthesis are for the actuators 
only, i.e. the power consumed by the actuators were negligible. 

2.2.1 Contributions to the MiCRoN robot 
As mentioned above two different approaches were chosen for the loco-

motion module. The one developed by the author was based on four inde-
pendently controlled multilayered bimorphs which were monolithically inte-
grated in the 0.5 mm thick module (paper I). The other contribution was a 1 
mm thick tool module (paper II) with three integrated multilayer bimorphs. 
Both modules developed used a quasi-static walking mechanism (see chapter 
5.1) which results in a high position resolution. They were fabricated in pie-
zoelectric ceramics by a wet-building technique, which is discussed in chap-
ter 4.1. 
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2.3 The I-SWARM robots 
The vision of the project I-SWARM (Intelligent Small World Autonomous  
Robots for Micromanipulation) from a broad point of view, is the realisation 
of a "real" microrobot swarm, i.e. a thousand autonomous microrobots col-
lectively executing different tasks in the small world. This helps to further 
understand the micro world, bridge the gap between micro and nanotech-
nologies and be the stepping stone to a "real artificial ant". A swarm of mi-
crorobots could be able to perform tasks that are not possible with either a 
single microrobot, or with a small group of micro-robots. One outcome is the 
realisation of an observable self-organisation effect in the robot swarm simi-
lar to that seen within other ecological systems like ant colonies, honey bee 
colonies and other insect aggregations. With an integrated communication 
system and tactile sensors the individual robot agents will be able to com-
municate between themselves and thus enable and promote the desired 
swarm effect with decentralized intelligence. 

From hardware3 point of view the major aim is to develop and assemble 
the microrobot subsystem with a mass fabrication in mind. The autonomy 
and small volume (less than 3x3x3 mm3, i.e. 74 times smaller than the Mi-
CRoN robot), of the robots are significant contributions to the state of the art 
regarding microsystems. Regarding the design of the microrobot, a modular 
approach was chosen. One advantage with the modular approach is that each 
module of the robot can be validated before assembly which in contrast to a 
serial approach increases the initial fabrication yield. The design is based on 
[19] which suggests the use of a flexible printed circuit board as the main 
structural component in a microsystem. The modules of the microrobot are 
firstly mounted on a thin and flexible FPC by surface mounting techniques 
(SMT) and subsequently the FPC is folded to form a three dimensional mi-
crosystem. 

A schematic illustration of the robotic microsystem is shown in Figure 3. 
The robot consists of a double sided FPC acting like the robot backbone and 
connecting the modules (1), a three-legged locomotion module with an inte-
grated tactile sensor (2); capacitors for energy storage (3); an application 
specific integrated circuit (ASIC) (4); an Infra Red (IR) communication 
module (5) and a solar cell (6).  

                               
3 I-SWARM hardware is developed by the following partners: Uppsala University, Sweden, Swiss Fed-
eral Institute of Technology,  Lausanne, Switzerland. Fraunhofer Institut für Biomedizinische Technik, St. 
Ingbert, Germany. Scuola Superiore di Studi Universitari e Perfezionamento Sant’Anna, Pisa, Italy. 
University of Barcelona, Spain, Institut de Microtechnique, Neuchatel, Switzerland. 
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Figure 3. A illustration showing the I-SWARM robot comprising a folded FPC (1), 
locomotion module with an integrated tactile sensor (2), capacitors (3), ASIC (4), IR 
module (5) and solar cell (6).  

The robot backbone FPC has double sided one-layer Cu-circuits separated 
by a polyimide layer. The modules are surface mounted using conductive 
adhesive (CA) by industrial4 processes (paper VII). Before folding, an ASIC, 
IR module and 3 tantalum capacitors are mounted on the front side of the 
FPC and a locomotion module and a solar cell are mounted on the back side. 
After mounting and curing of the CA the robots are folded and glue is used 
to lock the modules in position. 

The locomotion module is made up of three legs folded in a 55� angle and 
one horizontal tactile sensor in form of a vibrating cantilever (paper V and 
VII). The three legs are vibrated at the second flexural resonance and the 
motion is generated by the tapping of the leg tips against the floor. The elec-
tromechanical actuation of the legs and the sensor is based on activation of a 
piezoelectric copolymer. The module is operated at 3.6 volts with digital 
square-waves generated by the ASIC. The voltage output of the vibrating 
sensor, which is proportional to the vibration amplitude, is used by the ASIC 
to track the resonance of the cantilever. If the robot hits an object the reso-
nance frequency of the sensor will be altered resulting in a change in voltage 
output, which will be detected by the ASIC. 
The energy for the robots is provided by �-Si solar cells [20] on glass sub-
strates. The solar cells are multifunctional as they in addition to powering at 
two different voltage levels (1.4 and 3.6 V) provide the robots with, sensing, 
communication and positioning capabilities [21]. Capacitors are mounted on 
the lower side of the robot to store the electric energy acquired from the so-
lar cells. The energy storage has two main functions: 1) to deliver stable and 
continuous power when the power from solar cells fluctuates; and 2) to pro-
vide short high-power pulses for communication and locomotion modules. 
In total the solar cell and capacitors can supply approximately 1 mW of 
power to the robot system, i.e. 500 times less than in the MiCRoN robots. 
                               
4 NOTE AB, Norrtälje, Sweden 
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The robots use free-space optical communication based on infrared (IR) 
photoemitters (LED) and photodiodes [22, 23]. The IR module consists of 
LEDs and detectors which are integrated and wire-bonded on a thin printed 
circuit board (PCB). On top of the substrate is a reflector structure placed 
which deflects the incoming and outgoing IR signals to and from the verti-
cally operating detectors and emitters.  

The ASIC design is based on an eight bits 8051 processor and 10 kB 
SRAM memories [24] and was fabricated with a low leakage technology 
using 0.13μm CMOS process5. An integrated linear voltage regulator regu-
lates the 1.4 V from the solar cell to a stable 1.2 V for the core of the ASIC. 
The I/Os (inputs/outputs) to the IR and locomotion modules use 3.6 volts. 
The ASIC consists of several internal modules which can be switched on and 
off to save power. Due to technology restrictions flash memories (EEPROM) 
could not be integrated. This implies that the programming of the robot has 
to be introduced after being powered up.  

A fully assembled and folded robot can be studied in Figure 4. 

 
Figure 4. The final I-SWARM microrobot with sensors, communication, electron-
ics, power source and locomotion capabilities is shown.  

As mentioned above, roughly 1 mW can be delivered from the solar cell and 
capacitors. When moving or communicating the ASIC consume most of this 
power (>700 μW). Hence, the power consumption of the IR and locomotion 
module has to be less than 300 μW. To save power, the locomotion and 
communication will be performed separately and intermittently. The outputs 
form the ASIC to the locomotion module can only provide digital signals 
(square-wave) with a maximum 3.6 V peak to peak. The locomotion module 
must also be able to carry the weight of the whole microsystem. 

                               
5 STMicroelectronics 
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2.3.1 Contributions to the I-SWARM robots 
The low power locomotion module with integrated sensor for the robots 
were designed and fabricated. A new multilayer technique for piezoelectric 
copolymers and processes to microstructure the polymer based modules 
were developed (paper III, IV and V). A innovative way to transform a 2D 
fabricated actuator to a 3D structure was introduced in paper VII by folding 
the copolymer actuators. 

The design of the FPC and a verification of the industrial based surface 
mounting technique (SMT) used to assemble the robots are presented in 
paper VII, as well as the possibilities and restrictions using a conductive 
adhesive to establish the mechanical and electric contact of the modules to 
the robot backbone FPC.  
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3 Materials 

3.1 Actuator materials 
The choice of actuator material used in MEMS, particularly in autonomous 
microrobot systems has to be adequately made. Electromechanical materials 
suitable for actuator mechanisms with low power consumption are benefici-
ary since onboard power of the systems is limited. Other important parame-
ters when choosing material are voltage levels needed for actuation, avail-
able process techniques, and compatibility with the actuator electronics, 
energy densities and scaling effects. In the following is the feasibility of 
some commonly used actuator materials discussed in the view of autono-
mous low power MEMS. 

A promising actuator material is the ionic-metal-polymer-composites 
(IPMC), which can be actuated with voltages below 1.2 volt with strains up 
to 5 %. However as the actuation principle relies on a ionic transport in a 
aqueous solution the actuation frequency is inherently low (10 Hz). Further-
more, to work in air the actuators has to be encapsulated [25] and miniaturi-
zation of IPMC actuators is still an issue for further research. 

The shape memory alloys (SMA) e.g. TiNi, show significant strains (8%) 
when temperature cycled between two solid phases (martensitic and austen-
itic). They are usually actuated by Joule heating (resistive heating) which 
can be done at low voltages but requires fairly high currents and results in 
rather high power consumption (in order of watts) [26]. The actuation speed 
is in the order of some hertz and depends mostly on how fast the material is 
cooled. 

Electrostriction of elastomeric polymers sandwiched between compliant 
electrodes can result in strains of 100%. Initial research regarding microac-
tuators show promising results [27]. However, high voltages are still re-
quired and further research is needed regarding the compliant electrodes 
before a successful miniaturization is possible. 

One can also make use of the thermal expansion of polymers as an actua-
tor mechanism. But again when miniaturizing the actuators the polymer has 
to be heated resistively which is quite power consuming and the frequencies 
are in the regions of a few Hz. In [28] a miniature locomotion module is 
presented using thermal expansion of polyimide consuming 1.3 W.  
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It is also possible to use waxes which undergoes a solid to liquid transi-
tion with volume expansions of tens of percent, but the resistive heating 
normally used to melt the wax have a significant power consumption. The 
wax has to be encapsulated as the material is melted. The actuation speed is 
proportional to the volume of the wax and a volume of 1.6 mm3 can be cy-
cled with a maximum frequency of about 1 Hz [29]. 

Piezoelectric ceramics is an extensively used actuator material showing 
strains of 0.1%. The induced strain is linearly dependent on the magnitude of 
the electric field. High fields can be generated by moderate voltages (10-50 
V) if the thickness of the ceramic is reduced to some tens of micrometers. 
The activation speeds for the ceramic materials are in the MHz region. Even 
though it is possible to deposit thin films of ceramic with e.g. sol-gel proc-
essing most actuators are still being fabricated with non standard MST proc-
esses, for example high temperature sintering. A further demerit of the ce-
ramic is its inherent brittleness. 

There also exist piezoelectric polymers which have comparable field in-
duced strains with the ceramics, but suffer from a much lower stiffness. 
They benefit from the mechanical elasticity and they can be processed with 
standard MST technologies. The low permittivity (~10) results in low ca-
pacitance of the actuators compared with the ceramic counterpart and the 
low capacitance results in a low power consumption. However the actuators 
generally require high electric fields, usually several MV/m.  

Due to the voltage and power levels in the MiCRoN robot a piezoceramic 
material was chosen for the actuators in the tool actuator and the locomotion 
module. As the strain in the piezoceramic depends linearly on the applied 
voltage high resolution movement of the actuators can be achieved and con-
trolled by the robot electronics. 

For the I-SWARM locomotion module the choice of material fell on the 
piezoelectric copolymer polyvinylidene-trifluoroethylene P(VDF-TrFE). The 
actuators can be fabricated with batchwise 2D MST processes and then, due 
to its compliant polymer characteristics, be folded into a 3D structures. This 
would have been impossible with e.g. a piezoceramic material. The high 
electric field requirements called for development of a monolithic multilayer 
process which can reduce the actuation voltage (see chapter 4.2).  

3.2 Piezoelectricity 
Certain materials possess the characteristics that when squeezed electric 
charges will appear on some surfaces. Such materials are called piezoelec-
trics and the term stems from the Greek word piezien meaning to press. This 
effect was experimentally observed for the first time by the Curie brothers in 
1880. Piezoelectrics also show the inverse effect that they will be strained if 
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an electric field is applied. The inverse piezoelectric effect was predicted 
theoretically by Lippman and confirmed by the Curie’s. Moreover charges 
will appear on the sides of these materials when subjected to a temperature 
change, this effect is named pyroelectricity. These electromechanical and 
electrothermal properties make the piezoelectrics multifunctional and the 
materials can be found in a broad range of applications including for exam-
ple accelerometers, motors, ultrasound monitoring, sonar and generators 

In a dielectric material the constituent atoms can be considered to be ion-
ized and have either negative or positive charge. By applying an electrical 
field these ions will be attracted to the electrodes. This phenomenon is 
known as electric polarization. If this dielectric material has a crystal struc-
ture without a center of symmetry, i.e. the centers of the positive and nega-
tive charges do not coincide it will be in a polarized state, referred to as 
spontaneous polarization assuming a monodomain single crystal. If the di-
rection of this polarization can be changed by an external electric field the 
material is said to be ferroelectric. All ferroelectric materials are piezoelec-
tric. The monodomain state of the single crystal is a very high energy state 
and the crystal will lower its energy state by splitting the polarization into 
domains where the polarization vector can point in different directions. Usu-
ally when a piezoelectric material is synthesized it will have no net polariza-
tion partially due to polarization splitting. But by applying a sufficiently 
strong electric field the polarization vectors are aligned with the direction of 
the applied field. During this alignment the material will be strained due to 
the rearrangement of the domains and the polarization alignment. Figure 5 
shows schematically the domain reorientation in a poly crystal when apply-
ing an electric field. In (1) it is assumed that the crystal is polarized with a 
negative electric field E and the polarization is pointing downwards. When a 
positive E is applied (2) the dipoles will start rearrange in the direction of E 
and the crystal is compressed (negative strain x) in the direction parallel to 
E, this is also accompanied by domain wall motion. At the coercive field Ec 
the strain x reaches a minimum and polarization reversal starts in each grain. 
At (3) the strain and polarization becomes saturated (Ps) as the polarization 
vectors are fully aligned with the electric field and the polarization is fully 
reversed compared to (1). Decreasing the magnitude of E will decrease the 
magnitude of strain and polarization (4-5). At 5 with zero E the strain is 
equal to (1) but the remnant polarization (Pr) has the opposite sign.  

The ferroelectric state is destroyed at elevated temperatures as the thermal 
energy (lattice vibrations) will reach levels sufficient to overthrow the struc-
turing of the dipoles in domain formations and the material is said to trans-
form into a paraelectric phase. The temperature where this transition occurs 
is referred to as the Curie temperature and above this temperature the mate-
rial is no longer piezoelectric. Practically the useful strains of piezoelectric 
materials are some tenths of % (0.1%) and the Curie temperatures ranges 
from 100 to 500 degrees C. 
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Figure 5. Schematic description of how the polarization alignment and domain rear-
rangement changes the strain x and polarization P when applying an increasing elec-
tric field E. 

As the piezoelectrics are such a multifunctional material they have been 
studied intensively and exist both in ceramic and polymer form. In this thesis 
actuators of both material types have been fabricated and characterized. 

3.2.1 PZT 
In 1954 Jaffe et al. discovered that the lead-ziconate lead-titanate    
Pb(ZrxTi1-x)O3 (PZT) with perovskite structure (Figure 6) had extraordinary 
large piezoelectric properties [30]. At the morphotropic phase boundary 
(MPB) (x = 53 at room temperature) the rombohedral and tetragonal phase 
coexist. This is beneficiary as the unit cell can be poled in the 8 diagonal 
directions of the rhombohedral phase and in the 6 ortogonal directions (±x, 
±y, ±z) in the tetragonal phase. At the MPB the cell can easily transform 
between the phases and the unit cell will effectively have 14 possible polari-
zation directions (some argue that there is also a coexisting monoclinic phase 
at the MBP further increasing the possible polarization directions [31, 32]). 
This is important especially for the polycrystalline PZT where each grain can 
be considered to be a single crystal. When fabricated, the polycrystalline 
material will have no net polarization, but during polarization the domain 
wall motion and arrangement of dipoles in each grain will make the poly-
crystalline material piezoelectric with polarization vector almost parallel to 
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the applied field, see Figure 5. The amount of possible polarization direc-
tions at the MPB for PZT is believed to be one major factor for the unusually 
high piezoelectric response of polycrystalline PZT.  

 
Figure 6. The perovskite structure is shown. Ti4+ is located in the center, Pb2+ on the 
corners and O2- on the faces of the unit cell.  

The piezoelectric properties of PZT can be tailored by doping. Replacing 
some of the Ti4+ or Zr4+ with a positive ion with lower valence (e.g. Fe3+) 
will create oxygen vacancies. These vacancies have a tendency to stabilize 
the domain motion resulting in a ferroelectrically harder material with e.g. 
higher coercive field strengths, lower permittivity and lower losses. A softer 
material is achieved if the Pb2+ is replaced with a higher valence dopant (e.g. 
La3+). For the actuators presented in this thesis a soft PZT has been used. 
The soft PZT is characterized by high piezoelectric coefficients relating the 
applied electric field to the electromechanically induced strain, high permit-
tivity and low coercive fields. They are beneficiary when high strains are 
required as for the quasi-static mechanism discussed in chapter 5.1. 

3.2.2 PVDF and its copolymers 
About four decades ago Kawai discovered piezoelectric activity in 

stretched and poled poly(vinylidene fluoride) (PVDF) [33]. Soon afterwards, 
pyroelectric behavior was reported for the same polymer [34]. In the follow-
ing years several researchers tried to find out if PVDF was an electret or a 
ferroelectric material. That is, there was a controversy whether oriented di-
poles, nondipolar mechanisms such as trapping of space charges, or combi-
nations of both was the major cause of piezoelectricity and pyroelectricity of 
PVDF.   

An electret is a dielectric material having semi-permanent polarization re-
lated to semi-permanent surface charges. The word electret was introduced 
by Oliver Heaviside as an analog to the magnet. The most common electret 
is called thermoelectret, produced by applying a dc voltage to a dielectric 
sample between two electrodes at some elevated temperature, and cooling it 
in the dc field. Upon cooling the polarization is ‘frozen’ in by means of 
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trapped space charges. A ferroelectric material is by definition a material 
with a permanent polarization which orientation can be changed by an exter-
nal electric field. So the difference between an electret and a ferroelectric 
material is, in a polarization point of view, that an electret, in contrast to the 
ferroelectric material, is not in thermodynamic equilibrium but shows a 
slowly decaying polarization.  

In the 1970’s findings were made that implied that PVDF possesses a 
ferroelectric nature. Oshiki and Fukada [35] observed hysteresis behavior of 
the piezoelectric constant at 90 �C during cyclic changes of the electric field. 
Tamura et al. [36, 37] observed the dielectric hysteresis above the glass tran-
sition temperature. 1980 Herchenröder [38] et al presented the first results on 
the temperature dependence of polarization of PVDF that showed the pres-
ence of a transition temperature (~ 140 �C) above which no remnant polari-
zation could be observed. This transition temperature, or Curie temperature, 
is well known for ferroelectric materials and above this temperature the 
thermal vibration energy overcomes the lattice energy and the material be-
comes depolarized. 

The polyvinylidene fluoride is a semi-crystalline polymer with –CH2-CF2- 
as the repeating unit, Figure 7. The polymer is about 50% crystalline and 
50% amorphous. The crystallites are built up in lamellae structures where 
the polymer chains are folded within the lamellae. These lamellae are typi-
cally 10-20 nm thick [39], depending on crystallization conditions. And the 
molecular chains are approximately normal to the large lamellae surfaces. 
Since the molecular lengths are of the order of 100 times the lamellae thick-
ness, each molecule must pass many times through one or more of the crys-
tal and amorphous layers, being confined to elongated linear segments in the 
crystal layers and free to assume flexible and irregular configurations in the 
amorphous layers [40]. Depending of the conformations states and the pack-
ing of the polymer chains the PVDF can form four different phases called �, 
�, � and � [41]. In form �-chains, the bonds between successive carbon at-
oms are all trans (T) bonds. This leads to a planar zig-zag structure for the 
chain. Accordingly �-chains pack with dipole moments parallel, to produce a 
polar orthorhombic crystal, see Figure 7. Since the dipole moment will be 
normal to the molecular axis, the crystal polarization will also be normal to 
the molecular axis and hence approximately parallel to the plane of the la-
mellae. Unfortunately the PVDF does not crystallize from melt (or solution) 
into the �-phase. To achieve a transformation to the polar �-phase high pol-
ing fields (>130 MV/m) at elevated temperatures (100 �C) or stretching of 
the film up 300% of its original lengths is required [42].  
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Figure 7. Repeating units of PVDF (left) and P(VDF-TrFE). Polar �-phase chain 
conformation and the chain packing of PVDF (right). 

The polymerization of vinylidenefluirode (VDF) with trifluoroethylene 
(TrFE) results in a copolymer poly(vinylidene-trifluoroethylene) P(VDF-
TrFE) with randomly distributied monomer units. The additional fluorine 
atoms in the chain reduce the influence of head to head and tail to tail de-
fects. This increases the crystallinity of the copolymer and the lamella thick-
ness compared to pure PVDF. Crystallinity as high as 95% and lamella 
thicknesses of 0.2 μm have been reported [43].  With a VDF content above 
18% the copolymer crystallize with the same chain conformation as the �-
PVDF. Despite the smaller dipole moment of the TrFE monomer unit, the 
polarization of the copolymer can be even higher than in pure PVDF due to 
the higher crystallinity of the copolymers. 

P(VDF-TrFE) is a copolymer which in contrast to PVDF crystallizes into 
a polar form directly from melt (or solution) and result in great advances 
regarding fabrication (see chapter 4.2). 

The piezoelectric properties, such as the electric field induced strain coef-
ficients d31 and d33, of P(VDF-TrFE) is generally a factor 10 lower than for 
PZT. However it can produce the same levels of strains (0.1%) as PZT as it 
can withstand substantially higher electric fields (190 V/μm) compared to 
PZT (10 V/μm). The copolymer also copes with higher mechanical strains 
than the ceramic PZT. The relative permittivity is only in the order of 10 
which can be both good and bad depending on the application. The low 
Young’s modulus is a merit in ultrasonic transducer applications as it will 
have a good acoustic matching with e.g. water but will also result in a lower 
force output in an actuator application. Regarding the price the copolymer 
(10€/kg) is cheaper than PZT (50 €/kg) and no expensive electrode materi-
als, such as Pt for PZT, have to be used in the processing of copolymer 
transducers..  

It is possible to increase the electric field induced strain in P(VDF-TrFE) 
by e.g. electron irradiation. This treatment tends to make the copolymer a 
relaxor type ferroelectric with a substantially lower coercive field (Ec) and 
remanent polarization (Pr). The field induced strain can reach levels of 5 % 
for a 65/54 P(VDF-TrFE) when irradiated with doses of 80 Mrad [44].  
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4 Multilayer fabrication processes 

Obviously one drawback with piezoelectric actuators is the high electrical 
fields needed to get useful strain levels. The major benefit of a multilayer 
approach is the reduced voltage. Since the electric field is the same as the 
applied voltage divided by the distance between the electrodes, a decreased 
electrode distance generates a higher electric field and consequently an in-
creased strain, for a given voltage.  With reduced voltage the driving circuits 
for the actuator can be made less complex and more power efficient mini-
mizing the power consumption for the complete system, hence all actuators 
in this thesis are fabricated with multilayer techniques.  

4.1 Wet building of PZT multilayers 
The multilayered PZT actuators of paper I, II and VI are fabricated with a 

wet building technique as follows. First the ceramic powder is mixed with a 
dispersing agent, polymeric binder and toluene solvent to form slurry. This 
slurry is then tape cast onto a glass sheet with the help of a doctor blade to 
thicknesses about 50 μm and let to dry (solvent evaporation) for 20 minutes 
which transform the slurry into a green state ceramic with a rubbery like 
consistency. Using screen printing a platinum layer (~2-5 μm) is deposited 
on top of the green state tape. The screen is made of a cloth (filter) with a 
specific distance between the fibers. The screens can be patterned by de-
position of a lithographically defined impenetrable film onto the cloth, see 
Figure 8a. The platinum paste7 (Pt powder mixed similar to the PZT slurry) 
is printed through the screen with the help of a squeegee. The Pt electrodes 
can be patterned in two ways either by direct pattern transfer where the 
openings in the screen is patterned as the electrodes, or by using a CNC con-
trolled milling machine where a fine tool will pattern the electrode [45], see 
Figure 8c. When the electrode is patterned the height of the doctor blade is 
adjusted and the next green PZT layer is cast followed by the printing of the 
second Pt layer with a slight difference to the first electrode pattern. This 
process is then repeated until one has achieved the numbers of PZT layers 
needed for the design in question. When the multilayered PZT/Pt body is 

                               
7 FERRO Electronic materials, USA 
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cast the milling machine is used to define the contours of the actuators which 
will also reveal the internal electrodes at the side of the contour edge. Then 
the actuators are then released from the glass substrate and put in an oven for 
an initial firing process, where all the polymeric binders and dispersant 
agents are removed. This step is followed by the sintering of the ceramic 
actuators at ~1200 �C. During the heat treatment the geometry shrinks about 
18-20% due to the densification. Finally the internal electrodes are termi-
nated by firing silver contacts at the contour edges. This fabrication tech-
nique assisted with the milling machine enables the fabrication of monolithic 
multilayer actuators with versatile designs (Figure 8b and d) and allows for 
fast design changes. 

 
Figure 8.  Two of the designs of monolithic actuators fabricated by the wet building 
technique is the rotational tool actuator (b) and the locomotion module (d) for the 
MiCRoN robot. In (a) the openings in the screen printing mask is shown for one 
electrode layer and in (c) is one Pt layer patterned by a CNC milling machine 
shown. 

4.2 Fabrication of monolithic multilayer P(VDF-
TrFE) structures 

The locomotion module for the I-SWARM robot uses the piezoelectric 
copolymer P(VDF-TrFE) as actuator material. The module consists of three 
legs built as unimorphs with the piezoelectric copolymer on top on a passive 
substrate. Fabricating the copolymer cantilevers with thin and adequate 
number of P(VDF-TrFE) layers will result in a microactuator with high per-
formance in terms of force and deflection even for low actuation voltages.  

PVDF based multilayer cantilevers can not only be used as microactua-
tors but also as mechanical sensors and as generators. The output impedance 
of a generator, scavenging vibration energy from its surroundings, fabricated 
with the multilayer technique described below can be tailored to match the 
rectifying electronics, which greatly improves the performance of the gen-
erator system [46]. 
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4.2.1 Composite cantilever structures 
One additional route to manage the low power and voltage available for the 
locomotion module is to use a resonant operation mode for the legs. Driving 
at resonance reduces the operation voltage while maintaining a sufficient 
stroke of the legs. Moreover, a mechanical resonance can be achieved with 
any periodical waveform, e.g. a square-wave, which can be generated by 
simple electronics. The Q-factor is an important parameter for a resonating 
structure since it determines how much the static stroke is amplified at reso-
nance.  

Combining the multilayer processed copolymer, having good electrome-
chanical properties, with different substrates, having certain mechanical 
properties, results in cantilevers with different resonance properties such as 
the Q-factor. The Q-factor, which is defined in Figure 9, of a resonating 
structure is related to the material characteristics of the vibrator. The legs of 
the I-SWARM locomotion module are fabricated as vibrating cantilevers 
with more than 70 % of the vibrating volume made up by the passive sub-
strate; hence it will be the substrate material that defines the Q-factor.  

The resonant deflection is approximately Q times the static deflection[47], 
so a high Q means large deflections but it also results in a narrow resonance 
peak (bandwidth). The electronics in the I-SWARM robots is not designed to 
track the frequency of the legs, as for the tactile sensor, but the legs have to 
be fabricated with a fixed resonance frequency. Therefore a too high Q 
makes the tolerances in the fabrication process small, as it is the geometry of 
the legs that defines the resonance frequency. 

 
Figure 9. The Q-factor of a resonating structure can be defined as the resonance 
frequency fr divided by the full width at half maximum amplitude �f. 

Aluminum, copper-polyimide laminate (FPC), stainless steel and polycar-
bonate were tested as different substrate materials in paper III. Substrates of 
these materials were spin coated with P(VDF-TrFE)8 dissolved in methyl-
                               
8 P(VDF-TrFE) 65:35 from Solvay S.A. Belguim 
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ethyl-ketone. The deposited layer was heat treated at 120�C for 3 hours to 
evaporate all solvent and to increase the crystallinity of the copolymer. The 
subsequent step was the deposition of the first electrode layer. A 300 nm 
thick aluminum layer was coated onto the copolymer by evaporation through 
a shadow mask to define the electrode pattern. Then the next layer of 
P(VDF-TrFE) was deposited on top of the first electrode and heat treated. 
The next electrode was evaporated through a mask with a slightly different 
pattern. In this way is the multilayer fabricated with its internal electrodes 
with alternating patterns, Figure 10. The multilayer of the test cantilevers 
consisted of 6 electroactive copolymer layers of 9.2 μm thickness. After 
dicing with a high precision saw the internal electrodes became visible at the 
sides of the cantilevers. Conductive adhesive was used to connect the inter-
nal electrodes and the cantilevers were clamped at the base.  

 
Figure 10. Seven cantilevers before dicing (paper III) are shown to the left. The two 
topmost electrodes facing right and left at the base of the cantilevers are visible 
through the transparent copolymer. In the right figure a schematic cross section of a 
multilayer is shown. 

The static tip deflection, resonant tip deflection and Q-factor at resonance 
were measured and compared for cantilevers based on the four substrate 
materials. The output from the measurements, and taking into account the 
process compatibility, the FPC substrate showed the best over all perform-
ance of the tested substrates. Hence FPC was chosen as substrate for the I-
SWARM locomotion units described below. 

Whereas the electrodes could be connected by conductive adhesive at the 
sides of the cantilever a new interconnection technology had to be developed 
to ease the integration of the locomotion modules in the final robots. A de-
sign where the interconnection areas for the electrodes are positioned on one 
of the main surfaces of the locomotion module was desirable. 

4.2.2 Microstructuring of P(VDF-TrFE)  
A new way of connecting the internal electrodes was needed to be able to 
fabricate the final locomotion module. Moreover a more versatile technique 
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to allow more complex 2D geometries was needed. It was realized that a 
plasma etch process could be a solution to both requirements. A staircase top 
approach was developed for the electrode interconnection in paper IV, see 
Figure 11b and c. Modules consisting of three multilayer unimorph cantile-
vers were fabricated by spin coating and metal evaporation on a FPC sub-
strate. Prior to the multilayer fabrication the copper layer of the FPC was 
defined using standard photolithography techniques and chemical Cu-
etching [48]. The polyimide of the FPC can be etched with good control by a 
reactive ion etch (RIE) process9 [49] in a gas mixture of O2/CHF3.  

A RIE process combines physical and chemical etching and anisotropic 
etch trenches can be achieved. In the RIE a radio frequency (RF) field is 
exiting the gases to form a plasma of ionized molecules/atoms and radicals. 
The physical etching comes from the ions accelerated towards the sample 
and knocking off atoms. The chemical part of the etching is performed when 
radicals diffuse to the sample surface and reacts with atoms from the sample. 
The newly formed molecules can dissociate from the surface and be trans-
ported away by the vacuum system [48]. 

A O2:SF6 (1:39 sccm) gas mixture was used to etch the P(VDF-TrFE) 
with the top aluminum electrode as etch mask. Modules with three 10 mm 
long monolithically integrated multilayer cantilevers were fabricated and 
patterned by the RIE (Figure 11a). A 0.2 mm resonant deflection was meas-
ured for the 10 mm long multilayer cantilevers at 4 V amplitude. The dry 
etch did not seem to affect the electromechanical performance of P(VDF-
TrFE). However the etching step left residuals on the electrode interconnec-
tion areas. Increased etch times or power in the RIE resulted in dam-
ages/removal of the aluminum electrodes, i.e. a poor selectivity of copoly-
mer and Al. Due to the residuals the areas had to be manually cleaned before 
a conductive adhesive could connect the internal electrodes electrically. 

 
Figure 11. The module with three cantilevers before RIE etch is shown in (a). A 
schematic illustration of the first staircase electrode interconnection area developed 
in paper IV (b). The final staircase before RIE etching is shown to in (c). 

                               
9 Equipment built at Uppsala University 
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Further miniaturization of the locomotion module and improvements of the 
P(VDF-TrFE) etch was carried out in paper V. An illustration of the minia-
turized locomotion module can be studied in Figure 12. The copolymer layer 
thickness was reduced to 2.7 μm and the number of active layers was in-
creased to 10. Further, the aluminum thickness was reduced to ~100 nm. An 
inductive coupled plasma (ICP10) RIE was used for etching the multilayer. 
An ICP generates higher density plasma than the RIE which offer higher 
concentration of ions and radicals. The plasma generation takes place in a 
region outside the sample, and the sample is exposed to a controlled flux of 
ions and radicals which results in higher etch rates, lower damages and 
higher selectivity [48].  

The ICP etch process used resulted in sharp and well defined edges and 
the deepest etch depth obtained with intact top electrodes was 40 μm as seen 
in Figure 12. After connecting the internal electrodes at the electrode inter-
connection areas, capacitance values close to the theoretical were measured 
which indicates that no copolymer residuals were left on the electrodes. 

 
Figure 12. Schematic illustration of the miniaturized locomotion module (left). The 
encircled electrode interconnection area is shown after ICP dry etching (right). 

The unimorph cantilevers of the module were polarized with 100 V at ele-
vated temperatures and attached to a rigid PCB. A fiberoptic displacement 
sensor11 was used to measure the mechanical tip deflection at different fre-
quencies. A 3.3 V (peak to peak) square wave signal was used and the vibra-
tion spectrum can be studied in Figure 13. The maximum tip deflection is 
4.4 μm at 5.58 kHz. 

                               
10 Plasma Therm, SLR series 
11 D6-H1 fiberoptic displacement sensor, Philtec, USA 
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Figure 13. The unimorph tip deflection as a function of frequency at a drive voltage 
of 3.3 V. The first flexural resonance is located at 5585 Hz. 

The microstructuring techniques described above were used to fabricate the 
locomotion module for the I-SWARM robot. It comprises three legs and a 
tactile vibrating sensor. 10 active layers of copolymer with intermediate 
aluminium electrodes were fabricated on top of a FPC.  Each batch con-
tained 52 modules and the size of the substrate was 4 inch which is suitable 
for all fabrication processes. The two large circles visible in Figure 14 were 
used for recognition and orientation when assembling the modules in the 
final robots (chapter 6.1). A pulse polarization technique was developed in 
paper VII which increased the polarization yield substantially. Prior to as-
sembly the legs of the modules were folded to obtain an angle of 55� and a 
folding radius of 250 μm. 

 
Figure 14. a) shows the 4 inch batch with 52 locomotion modules. In b) are the 6 
electrical interconnection areas and the two recognition circles visible. c) shows the 
final module with the tactile sensor and the three folded legs.  
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5 Motion Mechanisms 

5.1 Quasi-static walking mechanisms 
The locomotion module (paper I) and the tool actuator (paper II) for the Mi-
CRoN robots are based on quasi-static walking mechanisms. The term 
“quasi-static” refers to the frequency of actuation and it means that frequen-
cies used for driving is far away from any mechanical resonance of the ac-
tuator. A mobile locomotion platform or a motor operating in the quasi-static 
mode, often have contact between one of the actuators and the counter sur-
face, which is utilized in for example the famous inchworm motor from Bur-
leigh Instruments [50] and the PiezoLEGS® from Piezomotor AB [51]. As 
at least one member of the stator is in contact with the slider the inherent 
properties of the piezoelectric material can be used, i.e. the actuator can use 
the field induced strain which is proportional to the applied voltage to move 
the slider with very fine movement. The accuracy of a well design quasi-
static motor is well below 10 nm and the final resolution is really a matter of 
the resolution of the drive circuits.  

5.1.1 MiCRoN locomotion module 
The locomotion module consists of a 10x10x0.5 mm3 monolithic piezoce-

ramic structure with 4 multilayered individually controlled bimorphs, per-
forming a walking motion on the floor (Figure 8d and Figure 16). The elec-
trodes are in the plane of the platform and the electrical field applied in the 
thickness direction will cause the bimorph halves to contract lengthwise 
upon increased voltage. Activation of the upper bimorph half will result in 
an upward deflection and activation of the lower half will give downward 
deflection. If both halves are activated the bimorph will contract without any 
out of plane deflection. If two trapezoidal voltage waveforms, phase shifted 
90 degrees between the halves, are used the tip of the bimorph moves along 
a rhombic trajectory with the largest deflection perpendicular to the platform 
plane.  

For translation in x or y-direction a set of two parallel bimorphs are used 
with waveforms phase shifted 180 degrees between the bimorphs. In the x- 
or y-translation mode trapezoidal waveforms of 0, 90, 180, 270 degrees are 
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needed. The drive mechanism can be described as a walking motion where 
the two bimorphs drive the robot forward during half the drive cycle when 
the bimorph tips are in contact with the floor, see Figure 15. The robot rests 
on the inactive feet of the body when the bimorphs are deflected in the other 
direction and returns for the next step. This makes the platform move only 
during half the cycle when one bimorph is pulling and the other simultane-
ously is pushing the platform forward.  

For rotation the parallel bimorphs in one set is working in phase while the 
other set is phase shifted 180 degrees. When one set is driving the other set 
is in the return phase hence resulting in continuous rotation and twice the 
tangential speed in comparison with the linear motion. 

 
Figure 15. The motion principle of the locomotion module for one step of linear 
motion and the corresponding phase shifted trapezoidal waveforms used for transla-
tion are shown. In 1) the left bimorph is fully contracted and the right bimorph fully 
elongated (Ea=Eb=E, Ec=Ed=0). In 2) The lower halves of the bimorphs are activated 
(Ea=0, Eb=E, Ec=0, Ed=E) and the module will be moved to the left. In 3) the left 
bimorph is fully elongated (Ea=Eb=0) and the right is fully contracted (Ec=Ed=E) and 
the module is moved to the left. In 4) the bimorphs are bended upwards (Ea=E, Eb=0, 
Ec=E, Ed=0) and returns for the next step. 

Due to deformation of the locomotion module when sintered, feet were 
added on the tips of the bimorphs and on the inactive part of the body 
(Figure 16a). Operating at 28 V with trapezoidal waveforms the module 
showed stable translation with no or low parasitic rotation up to 80 Hz 
(Figure 16b). High resolution measurements showed that positioning resolu-
tion in the nanometer range was possible within one step. It was believed 
that the high stiffness of the feet is the dominant reason why the motion be-
comes unstable above 80 Hz. Reducing the stiffness may reduce the bounc-
ing effect between the feet and counter surface. 
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Figure 16.  The 10x10x0.5 mm locomotion module (paper I) with four bimorphs 
(left).  The translation was stable up to frequencies of 80 Hz and showed little or no 
parasitic rotation (right). 

It was observed that adding feet on the bimorph will tilt the rhombic tra-
jectory for the point in contact with the counter surface (Figure 17). The feet 
will act as a lever and the higher the feet the more distorted trajectory. 

 
Figure 17. Adding a foot to he bimorph tip will tilt the tip trajectory (left) and this 
have a significant impact on the translation of the translation (right). 

5.1.2 MiCRoN rotational tool actuator 
The second actuator developed for the MiCRoN project was the rotational 

tool actuator (paper II). It consists of a monolithic multilayer stator with 
three bimorphs, a rotor, a PCB and a steel spring, see Figure 18. It operates 
with a similar quasi-static walking/stepping motion as the locomotion mod-
ule above. Two major differences are the spring clamping of the rotor to the 
stator and that no feet were added to the stator. The spring enables a tuning 
of the normal force to the stator.  

It was found that the tilting effect could be reduced to negligible levels by 
increasing the normal force by adjusting the spring. At low normal forces the 
motion pattern was similar to that of the locomotion module. 
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Figure 18. The rotational tool actuator (paper II) is comprised of a 0.5 mm thick 
PCB, a 9.2 mm diameter monolithic stator with three multilayer bimorphs, a rotor 
and a steel spring. A 1 mm diameter glass sphere is used to center the rotor. 

But when increasing the normal force the pattern gradually became less dis-
torted and at 0.9 N the stepping motion was free from any backlash and the 
rotor was moved during half a period of the drive cycle, see Figure 19. With 
this stepping motion high resolution is continuously maintained. 

 The torque increased with the normal force and was at maximum 80 
μNm at 1.15 N when operating with 50 V peak-peak trapezoidal waveforms. 
The angular velocity was linearly increasing with the frequency and is ap-
proximately 16 rpm at 1 kHz and 0.9 N normal force. 

 
Figure 19. Step response at different normal forces (left) at 0.9 N the motion is free 
from backlash and the rotor is moved during half a cycle. The torque is increased 
with the normal force and a maximum is 80 μNm at 1.15 N. 

When the tool actuator was integrated into the final MiCRoN robot it per-
formed a stable motion at 20 V. All together the bimorphs of the actuator 
have a capacitance of 75 nF and operated at 100 Hz the continuous power 
consumption were only approximately 3 mW. 
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5.2 Resonant tapping mechanism 
Resonant motion mechanisms are frequently used in the field of ultra-

sonic motors (USM) [52-54] and several motors have evolved to such a state 
that they are now offered by companies world wide [55-58]. The motors can 
be found in a variety of consumer products such as toys, wrist watches, silent 
alarms, optical focus systems for cameras and high resolution positioning 
stages.  

One specific motion mechanism used in the standing wave ultrasonic mo-
tors (SWUSM) is the woodpecker principle. Some of the first USM reported 
were of the woodpecker type [59, 60]. The design idea is very simple and the 
motors are usually constructed by a single actuator impacting a slider or 
rotor in a tapping motion where actuator impacts the slider/rotor each opera-
tion cycle. Usually these most simple motors are unidirectional meaning they 
can only rotate (or translate) in one direction. They have found its usefulness 
in e.g. magnetic tape recorders [52, 61] and silent vibrating alarms [62]. To 
make these motor bi-directional usually another set of transducer(s) are 
added to impact the rotor (or slider) in the opposite direction. 

The advantages of these motors are that they are very simple and consist 
of few parts. Also, maybe the foremost merit is the very high power effi-
ciency, theoretically above 90% [53]. As disadvantage, the wear and tear of 
the transducer and rotor has to be mentioned. The wear will induce changes 
in the position control, speed and operational frequency.  

In the early 1990s several highly miniaturized woodpecker type motors 
made by micromachining of silicon emerged. They were of both rotary type 
[63] and linear type [64] and were excited by electrostatic comb drives at 
one of the flexural resonances of the impacting beam attached to the drives. 
Rotors smaller than 100 μm in diameter were reported. The efficiency and 
output torque were not at all comparable to the piezoelectric operated USM 
and they could only be operated in vacuum. However they are noteworthy 
due to their small size and their resemblance to woodpecker type USM. 

5.2.1 Resonant piezoceramic locomotion module 
The motion generation of the locomotion module in paper VI is based on a 
motion mechanism related to the woodpecker type USM.  Whereas the lo-
comotion module is based on the same principle as the mentioned motors 
there is a substantial difference. In the motors the slider or the rotor is 
pressed against the vibrating actuator tip by a spring mechanism. This pre-
load mechanism creates a normal force, which controls the friction and 
hence the force in the direction of motion. By adjusting the preload the nor-
mal force can be tuned to obtain optimal performance of the motor. For the 
present locomotion module no such returning force exists but only gravita-
tional force is present. Resonant locomotion modules using an adjustable 
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normal force have been presented, e.g. by the use of magnets onboard a pre-
load force can be generated, see e.g. [65]. By adjusting the magnetic force 
the normal force can be tuned in accordance with the preload mechanism of 
the woodpecker motors. Two disadvantages of an onboard preload mecha-
nism are that it requires space on the module which otherwise can be used 
for electronics, communication and/or sensors; and the module has to be 
operated in conjunction with the preload generating surface making it less 
autonomous. Absence of the preload system also allows for heavier loads to 
be carried by the locomotion module.  

The locomotion module characterized has three legs where each leg con-
sists of a polymer beam and a multilayer piezoelectric unimorph, Figure 20. 
The module can move forward, backwards and rotate by tapping the floor 
with its legs vibrating at the second flexural resonance.  

 
Figure 20. The locomotion module (paper VI) comprises three legs where each leg 
consists of a polymer beam and a PZT unimorph (left). The legs are operated at the 
second flexural resonance (right). 

During motion measurements the module was connected to external elec-
tronics with long 25 μm diameter wires. Moving with one leg the average 
power consumption for continuous drive was only 2 mW when operating 
with a 5.45 kHz sinus signal with a 10 V peak to peak voltage. The corre-
sponding steady-state velocity was 14 mm/s, see Figure 21. 

As the module relies on a resonant motion mechanism there was an initial 
exponential build-up of the resonance and also a decay of the tip deflection 
when the drive signal was turned off (Figure 21). The build up together with 
the acceleration of the mass resulted in an acceleration phase before a 
steady-state velocity was reached. It was noted that for the locomotion mod-
ule mass (1.4 g including the connector) the tip of the leg was not in contact 
with the floor every cycle but the leg tip stayed airborne for 2 or more cy-
cles. When increasing the mass of the module by adding weights at the cen-
tre of mass of the module the leg touched the floor each cycle. It was possi-
ble to reduce the unstable motion at low masses by operating the module 
with intermittent drive, i.e. sending pulse trains to the module instead of 
continuous drive.  
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Figure 21. The velocity (circles) and the free tip deflection (solid line) at 10 V (peak 
to peak) is shown for different frequencies (left). The acceleration phase, the steady-
state phase and the breaking phase for the module of 1.4 g is shown to the right. 

The minimum repeatable step length was measured to be 0.1 μm which is 
quite a respectable figure for a resonant operated locomotion module. 

The module was capable of carrying more than 4 times its weight. The 
low power consumption and drive voltage together with the weight carrying 
ability makes it possible to integrate batteries and electronics and make a 
wireless miniature robot. 

5.2.2 I-SWARM copolymer locomotion module  
The I-SWARM locomotion module (Figure 14) use the same resonant 
mechanism as described above. To evaluate the module it was placed up-
side-down and a glass slider with the same mass as the final robot (75 mg) 
was put on top of the legs. Care was taken to have the slider levelled and to 
position the centre of mass of the slider above the centre of mass of the lo-
comotion module. In this way each of the three legs supports the mass 
equally. The locomotion module was able to move the glass slider with 
speeds of 100 μm/s at 3.6 Volts and 25 kHz. With a capacitance of 350 pF 
the power consumption was 110 μW for continuous operation, which can be 
lowered by intermittent drive. The power consumption is well within the 
power budget of the robot. However the motion at 3.6 V was sometimes 
unstable. It was noted that the position of the slider relative to the legs posi-
tion had a significant impact on the speed of the slider. The folding of the 
robot will consequently be very important. Further it was noted that the 
resonance frequencies varied among the three legs of one module with up to 
2 kHz, most likely due to the folding of the legs. 
The tactile sensor integrated in the locomotion module is operated at its fun-
damental flexural resonance. The sensor layer will produce a voltage signal 
proportional to the vibration amplitude, see Figure 22. At maximum vibra-
tion amplitude the sensor will produce maximum voltage. Tests have shown 
that the robot electronics could correctly track the resonance frequency of 
the vibrating sensor using the sensor voltage as feedback. Consequently, by 
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integrating a sensor layer in the legs the issue regarding the frequency varia-
tion can be avoided. 

 
Figure 22. The tip deflection and the corresponding voltage output of the tactile 
sensor at different frequencies. Maximum output occurs at maximum tip deflection. 

One major reason why the motion is unstable is that the electromechanically 
induced deflection of the legs at resonance is in the same range as the me-
chanical deflection due to the weight of the robot. The locomotion module 
was originally designed for a smaller weight  of the total assembled robot 
[66]. There are several possibilities to re-design the module to cope with a 
larger mass. To improve the performance at the available 3.6 V in the robot 
one can increase the deflection at resonance by for example increase the 
number of P(VDF-TrFE) layers of the active stack of the legs. By increasing 
the number from 10 to 20 the lifting capacity of the legs is almost doubled 
and the resulting double power consumption is still acceptable. Another pos-
sibility is to change electroactive material, e.g. irradiate the polymer with 
electrons have proved to increase the electrical field induced strain [44]. One 
could also decrease the thickness of the P(VDF-TrFE) layer resulting in an 
increased electric field which is feasible with the processes techniques de-
scribed (chapter 4.2). Nevertheless the existing locomotion module is capa-
ble of moving a mass more than 32 times heavier than itself. The most im-
pressive fact is that operation just above 3 volts is achieved with the electro-
active polymer actuator material. 
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6 Integration 

When reducing the volume of a microsystem down to the millimeter size the 
small volume and size of the microsystem/microrobot make manual assem-
bly of the subsystems very difficult. One way to solve this problem is to 
integrating the entire robot in one chip, as was proposed in [4] and realized 
in [5]. However, the one chip approach implies serious design limitations 
and imposes a serial manufacturing process with an initial low yield. Paper 
VII presents a solution for the assembly using a FPC based building technol-
ogy for complete microsystems, such as microrobots. Instead of a single chip 
approach, a module manufacturing and a final surface mounting solution was 
chosen to increase the final yield by testing each individual module prior to 
final assembly. The integration of the I-SWARM microrobot have proven 
that by using a thin and foldable FPC small volume microsystems can be 
achieved.  

6.1 FPC building technology 
A double-sided FPC similar to the one used as substrate material for the I-
SWARM locomotion module is used as the backbone for the I-SWARM 
robots. The modules mentioned in chapter 2.3, i.e. the IR module, ASIC, 
capacitors, solar cell and locomotion module are mounted on the backbone 
with silver based conductive adhesive12 (CA) by the use of industrial surface 
mounting techniques (SMT). The backbone FPC is connected to a main 
panel by 6 breakaways (bridges) and each panel contains 24 FPCs. The first 
step in the assembly of the robots is to screen print CA through a stencil with 
opening over the contact pads of the FPC. When printed the IR, ASIC and 
capacitors are picked and placed with a SMT machine13. The SMT machine 
picks the modules with a vacuum nozzle. The picked module is then auto-
matically recognized optically, either by the contours of the modules or by 
predefined marks on the module, e.g. the two large circles of the locomotion 
module (Figure 14). By the optical recognition the machine knows where 
the module pads are located and by using marks on the panels it can place 
the module on the designated position of each FPC. When the modules of 

                               
12 H20E-FPC, Epotech 
13 Siemens SIPLACE 



 42 

the front side are mounted the CA is cured at 80�C for 1.5 hours. The panel 
is then turned up side down and placed in a support plate with pits for the 
mounted modules, so the backside can be screen printed with CA. Then the 
SMT machine places the solar cell and the locomotion module and the CA is 
cured. A FPC with and without mounted modules can be studied in Figure 
23.  

The compactness of the robot FPC makes it difficult to access the electri-
cal connections of the module when mounted and the ASIC is connected to 
the LU through the FPC and the high polarization voltage needed is not com-
patible with the integrated electronics. Hence the locomotion modules have 
to be polarized prior to assembly. The low Curie temperature (~100�C) for 
the copolymer omits the use of soldering temperatures for the assembly since 
the copolymer would depolarize. Hence a conductive adhesive were used. 
Compared to a solder technique the CA has some disadvantages in terms of 
price, long curing times and requires higher placement accuracy since CA 
does not reflow. The advantages are that modules can be mechanically 
joined to the FPC without specially prepared pads and that CA can be used 
at considerably lower temperatures.   

 
Figure 23. The front and backside of the FPC for the I-SWARM robots with the 
folding indentations and test pads are shown. Below are the same sides shown with 
mounted modules. 8 breakaways (*) connect each FPC to the main panel. 
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Before folding the robot backbone FPC, all modules was underfilled with 
cyanoacrylate14 to further increase the mechanical strength. By using fine 
tweezers the backbone was folded twice and the modules were locked into 
position with cyanoacrylate. A fully assembled robot have a weight of only 
74 mg. 5 folded robots mounted with dummy modules, standing besides an 
ordinary paper clip can be studied in Figure 24. 

 

 
Figure 24. The figure shows five final I-SWARM microrobots with dummy mod-
ules, standing around an ordinary paper clip. 

The folding of the robot shows how assembly of non-standard microcompo-
nents can be performed with 2D tools and be folded into complex 3D con-
figurations. 

Preliminary results on SMT mounted unfolded robots have shown that the 
ASIC can be programmed and operate the locomotion, sensor and IR module 
demonstrating the feasibility of the building technology.  

                               
14 Loctite 407 
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7 Conclusions 

The multilayer approach used in all presented actuators has proven to lower 
the voltage to appropriate levels for the microrobots electronic.  
 
A high resolution rotational tool actuator fabricated in PZT and using a 
quasi-static motion mechanism has successfully been integrated in a 
20x10x10 mm3 autonomous robot, which proves the feasibility of the actua-
tor technology used. 
 
Further, a three-legged locomotion module with PZT unimorphs using a 
resonant motion mechanism was investigated. Characteristics such as low 
power consumption, high velocities, low drive voltages and a high weight 
carrying capability was demonstrated. 
 
A novel multilayer fabrication process suitable for mass production of 
P(VDF-TrFE) actuators was developed. It is based on sequential deposition 
of spun cast copolymer with shadow evaporated aluminum electrodes. Reac-
tive ion etching is used to microstructure the copolymer and the FPC. These 
techniques were successfully used to fabricate a multifunctional locomotion 
module for a 3x3x3 mm3 sized autonomous microrobot. 
 
A modular building technology for microsystems was presented. It uses sur-
face mounting technology and conductive adhesives to assemble modules on 
a double-sided FPC. The use of FPC as substrate for copolymer actuators 
and as a backbone of microrobots has been explored. The deformability of 
the FPC was exploited when folding the robot backbone and the legs of the 
locomotion module.  
 
The actuators together with the building technology show that complex 
autonomous mobile microsystems can be fabricated with the presented tech-
nologies. 
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Summary in Swedish 

Denna avhandling beskriver två stycken autonoma mikrorobotar MiCRoN 
och I-SWARM, se Figur 25, och speciellt deras aktuatorer som används för 
att förflytta robotarna och eventuella mikroverktyg. Robotarna består förut-
om aktuatorerna av enheter för kommunikation, energiförsörjning och elekt-
ronik och utgör således avancerade mikrosystem. 

 
Figur 25. De två mikrorobotarna MiCRoN (t.v.) och I-SWARM (t.h). Storleken på 
I-SWARM roboten är cirka 3x3x3 mm3. 

För att kunna tillverka små trådlösa system så måste varje enhet ha en så låg 
effektförbrukning som möjlig på grund av att det bara får plats en begränsad 
mängd energi inom systemets volym. Därför har alla aktuatorer utvecklats 
för att konsumera minimalt med effekt. Bland annat har aktuatorerna fabrice-
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rats med en multilagerteknik som medför att drivspänningen för aktuatorerna 
sänks vilket gör att drivelektroniken förenklas och systemet som helhet krä-
ver mindre effekt. 

Materialen som använts är piezoelektriska. Om man applicerar ett elekt-
riskt fält över ett piezoelektriskt material förändras materialets struktur och 
man får en liten töjning (~0.1 %) i materialet. Både den piezoelektriska ke-
ramen blyzirkonat-blytitanat (PZT) och polymeren polyvinyldifluorid-
trifluoretylen (P(VDF-TrFE)) har utnyttjats vid tillverkningen av de olika 
aktuatorerna. Materialen har olika fördelar där keramiken kan användas för 
att bygga aktuatorer med större kraft jämfört med polymeren medan polyme-
ren är flexibel vilket kan utnyttjas för att erhålla mer komplicerade geometri-
er än som vore möjligt med keramiken. En ny multilagerteknik för att bygga 
och strukturera multilager i polymeren presenteras i och den används för att 
bygga en förflyttningsenhet till I-SWARM-robotarna. 

Utöver aktuatorerna för robotarna presenteras även en trebent förflytt-
ningsenhet som använder sig av en rörelsemekanism där benen försätts i 
resonans. Multilagertekniken och resonansdrivningen gör att enheten kräver 
lite effekt och den kan bära upp till 4 gånger sin egen vikt, se Figur 26. 

 
Figur 26. Bilden visar en trebent förflyttningsenhet som förflyttar sig genom att 
försätta benen i resonans vilket görs av de piezoelektriska aktuatorerna.  

Slutligen presenteras även en teknik för att montera ihop massfabricerade 
mikrosystem. Den användes för att sätta samman alla modulerna i I-
SWARM-robotarna och utnyttjar ytmonteringsteknik från industrin. Ett flex-
ibelt mönsterkort med elektriska ledare på båda sidor om ett flexibelt plast-
substrat används som bärare av modulerna, däribland förflyttningsenheten. 
Formbarheten hos mönsterkortet utnyttjas när roboten slutligen viks ihop. 
Med denna teknik kan komplicerade geometrier för mikrosystem förverkli-
gas såsom den hopvikta I-SWARM-roboten.  
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