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A large range of microsystems is being used or 

investigated for a variety of implantable applications. 

The bi-stable micro electro mechanical switch targeted 

at implantable programmable electrode application as 

described in this thesis has a contact resistance of 5Ω, 

a breakdown voltage between the two contact members 

in OFF state of 300V, and only needs 0.2nJ to change

state. The accompanying hermetic wafer level glass 

silicon stack with feedthroughs bonded at 250N, 

230V, 365oC pass thermal and mechanical stress tests 

according to MIL-STD-883. Contact measurements 

carried out in an N2 atmosphere inside the wafer level 

package demonstrate that ruthenium covered contacts 

are robust for 106 cycles. MEMS reliability is treated in 

the context of a general framework for quantitative 

reliability.  The electrical method to measure resonance 

is applicable for automated reliability screening during 

manufacturing. A 125µs pulse is suffi cient to switch 

from OFF to ON state. The required pulse amplitude is 

not infl uenced by the pulse width. The bi-stable MEMS 

switch has advantages in comparison to a FET switch in 

the area of power consumption, DC breakdown voltage, 

leakage current and contact resistance.
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Abstract 
Typical properties of micro systems like small size and low power 

consumption are advantageous for implantable applications. An overview 
from literature is given as an extended introduction to the MEMS switch 
portion of the thesis. A large range of microsystems is being used or 
investigated for a variety of implantable applications. The major technology-
market combinations are Sensors for Cardiovascular-, Drug Delivery for Drug 
Delivery- and Electrodes for Neurological- and Ophthalmologic-applications. 
Together these form 51% of all end items. Packaging, interconnection, 
coatings, power supply, communication and material aspects are described. 
Electrical stimulation therapies require precisely targeted stimulation, ability 
to do so during the lifetime of a patient and a simple therapy delivery 
procedure. Adding electrodes using existing technology would increase the 
size of the connector block, the lead-diameter and -stiffness. The core of this 
thesis deals with a novel bi-stable MEMS switch that is proposed for electrode 
multiplexing. Basic device- and micro contact properties are measured and 
compared to theory. The Au/Ni coated bi-stable MEMS switch has a contact 
resistance of 5Ω, can handle a current of 250mA, has a breakdown voltage 
between the two contact members in OFF state of 300V and only needs 0.2nJ 
to change state. All the measured results were within 10% of the theoretical 
expectations. A wafer level process for hermetic sealing of the switch with 
feedthroughs is presented. This package enables fragile MEMS structure 
protection, electrical connection, stabilization of switch properties, small size 
and low cost at the same time. Wafer level glass silicon stacks bonded at 250 
kg, 230 V, 365 ºC pass thermal and mechanical stress tests according to MIL-
STD-883 and meet the requirements for biomedical applications. Contact 
measurements carried out in an N2 atmosphere inside the wafer level package 
demonstrate that ruthenium covered contacts are robust for 106 cycles. A 
literature review of existing MEMS switches (mono and bi stable) as well as 
the available wafer level packaging options is given. MEMS reliability is 
treated in the context of a general framework for quantitative reliability. The 
measured dynamical switch properties are compared to theory and the relation 
to switch reliability is discussed. The electrical method to measure resonance 
is applicable for automated reliability screening during manufacturing. A 
125µs pulse is sufficient to switch from OFF to ON state. The required pulse 
amplitude is not influenced by the pulse width. The bi-stable MEMS switch 
has advantages in comparison to a FET switch in the area of power 
consumption, DC breakdown voltage, leakage current and contact resistance. 
Further possible future developments could be in the area of MEMS control, 
chip scale implantable medical devices and micro electrodes. 
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Introduction 1 

1 Introduction 

1.1 Electrical stimulation 

Electrical stimulation therapies can alleviate pain, restore 
health and/or extend life for a large range of clinical conditions. 
In general an electrical stimulus is generated inside an 
Implantable Pulse Generator (IPG) and delivered to a specific 
anatomical location through a stimulation electrode. The 
electrode is connected to the IPG via a lead that contains lead 
conductors. The electrical pulse thus delivered creates a desired 
clinical effect. Successful examples of implantable electrical 
stimulation devices are cardiac pacemakers for slow beating 
hearts, cardiac resynchronization devices for heart failure (HF), 
implantable cardioverter defibrillators (ICD) for sudden cardiac 
death prevention, Implantable Neuro Stimulators (INS) to treat 
chronic pain (Spincal Cord Stimulation, SCS), essential tremor 
(Deep Brain Stimulation, DBS) or urinary incontinence and 
cochlear stimulation to restore hearing. Implantable devices for 
electrical stimulation represent a multi billion dollar value for the 
healthcare system. 

In general it can be stated that all electrical stimulation 
therapies require precisely targeted stimulation of a specific 
anatomical site. Secondly, there is a need to maintain the ability 
to do so during the lifetime of a patient. This includes dealing 
with changes in patient condition (possibly due to the therapy 
itself) or changes in the device condition like displacements of 
the electrodes. Finally, the therapy delivery procedure should be 
as simple as possible. This will reduce the risk of errors and 
minimize the burden on the scarce physician time, thus 
increasing the acceptance and the range of patients that can 
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benefit. In this work it is proposed to address these needs by 
adding more electrodes to the implantable device. 

There are certain constraints that make the addition of many 
more electrodes difficult when using existing technology. The 
size of the connector block that provides the interface between 
IPG and lead would increase, while it already forms a significant 
part of the total volume of the IPG with the current number of 
electrodes. Likewise adding lead conductors to the leads to 
address the additional electrodes would increase the lead 
diameter and stiffness. These trends are against the general drive 
of reducing size of the implantable devices to minimize impact 
on the patient. A possible solution that is not limited by the 
constraints just described is to incorporate an electrode 
multiplexer in the stimulation system. 

An electrode multiplexer has the ability to direct a single 
incoming stimulation pulse from the IPG to a plurality of 
electrodes at the stimulation site (see Figure 1.1). When 
incorporated into a lead, such a system would typically consist of 
a power source, logic, packaging and switches. 
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Figure 1.1 Schematic of the use of multiplexing (MUX) to address a multitude 
of Stim Electrodes from a limited number of Stimulus wires coming from the 
Implantable Pulse Generator (IPG). Programming information to set the status 
of the switches is also coming from the IPG. The top switch is indicated by 
the filled circle, the second switch from the top is drawn in closed position. 

1.2 Bi-Stable MEMS switch 

In the preceding section it has been explained that switches are 
an enabling ingredient for a multiplexed electrical stimulation 
system. Typical requirements for such switches are low power 
consumption, small size, low resistance, high reliability, 
biocompatibility and hermetic packaging possibility. Low power 
consumption relates to the fact that most implanted devices today 
are operating on a limited energy supply, and hence the lower the 
power consumption, the longer the device longevity. This is of 
course beneficial to the patient. As stated already above, the 
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smaller the size of the implant, the better for the patient. High 
reliability is very important, especially in cases where the 
patient’s life depends on the device, but in general also because 
replacing a defective device submits the patient to a surgical 
procedure. A low resistance will keep the energy dissipated in 
the switch to a minimum, leaving most of the energy for the 
therapy. 

Bi-stable MEMS (Micro Electro Mechanical System) switches 
are stable in the ON and in the OFF state. Once brought in a 
specific state, they stay in that state without using any energy. To 
change the state, a small amount of energy is required. This type 
of switches offer advantages precisely on the points mentioned 
above in comparison to Field Effect Transistor (FET) switches. 
The development and subsequent experiments with a novel bi-
stable MEMS switch and related aspects targeted at the described 
application form the core of this thesis. 

1.3 Outline of the thesis 

The overall structure of this thesis is graphically illustrated in 
Figure 1.2. 
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Figure 1.2 Schematic graphical representation of the thesis structure. The 
various blocks represent chapters of this thesis, indicated by an abbreviated 
chapter name and chapter number in bold. Chapter 2 can be read as an 
extended introduction to this thesis. The smartlead system as introduced in 
this chapter is then build up in a bottom up fashion, starting from the core bi-
stable MEMS switch and proceeding towards the total system. See text below 
for more introductory text. 

Since small size and low power consumption are typical 
characteristics of micro systems and since these are also typical 
requirements for implantable applications, this switch is not the 
only example of implantable microsystems. On the contrary, the 
field has taken of in the early eighties and has been growing ever 
since, resulting in hundreds of examples in various states in the 
product life cycle at the present time. To place the work on the 
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MEMS switch in perspective, Chapter 2 provides a general and 
broad overview of the literature on implantable microsystems. 

The bi-stable MEMS switch is described in Chapter 3. The 
design, operating principle, theory and manufacturing process 
will be presented as well as experimental results. This chapter 
also includes an overview of MEMS switches (mono- and bi-
stable) as described in literature. 

The design, manufacture and experiments with hermetic 
sealing and feedthroughs of the switch at wafer level are 
presented in Chapter 4, including a brief review of available 
packaging options as described in literature. Results of device 
tests carried out inside these packages are given as well in that 
chapter. 

Besides low power and small size, reliability is a major 
requirement for medical devices, especially for life saving 
applications. A lot of work exists about MEMS reliability, but 
every MEMS structure is unique and needs its own approach. 
Chapter 5 provides a theoretical basis for a quantitative approach 
towards reliability, provides typical reliability requirements for 
Active Implantable Medical Devices (AIMD), provides a 
discussion on reliability issues typical for MEMS and then treats 
the bi-stable MEMS switch failure mechanisms. The chapter 
ends with a more detailed experimental and theoretical treatment 
of the dynamics of the switch. 

In the discussion and outlook chapter (chapter 6) the 
advantages of the bi-stable MEMS switch in comparison to a 
FET switch are recapitalized. The outlook reviews options for 
MEMS control at various levels of integration and comments on 
system level aspects of the Smartlead. Final conclusions are 
given in chapter 7. 
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2 Micro System Technologies for 
Implantable Applications 

In this chapter a general and broad overview of micro systems 
for implantable applications as found in literature will be 
provided. Sensors, micro electrodes, drug and gene delivery 
devices, micro machined ultrasound transducers, MOEMS, micro 
actuators, surgical tools, micro surface topology, micro 
fabricated bio degradable scaffolds and others are being used or 
investigated in a wide range of clinical areas including 
cardiology, neurology, ophthalmology, orthopedics, drug 
delivery (for various clinical areas), surgery, endocrinology, 
tissue engineering etcetera. The information will be ordered by 
applying a classification scheme. A general overview of 
packaging, communication, power and materials -the major 
underlying technical blocks needed to produce implantable micro 
devices- will also be provided. 

2.1 Introduction 

Micro System Technologies have become the basis of a large 
industry with total sales of MST manufacturers exceeding 
US$5B, continuous growth for the past 10 years and main 
applications in automotive and communication markets. The 
field was firmly established in the early eighties with the first 
mass produced micro machined pressure sensor, an international 
conference and a review paper and it was pioneered in the early 
seventy’s [1]. There have been an increasing number of 
publications in MST journals with the keyword “medical” taking 
off from a rather constant (low) level around 1985.

This chapter has been published for the most part in the Journal of 
Micromechanics and Microengineering authored by Rogier A M Receveur, 
Fred W Lindemans and Nico F de Rooij [304] 
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Advantages of MST compared to other technologies provide 

opportunities for application in implantable biomedical devices. 
Developments in these devices are driven by the desire to better 
mimic normal physiology and to improve quantity and quality of 
life. Major healthcare challenges like the aging population, 
patient centered care and affordable costs can be well addressed 
by MST [2,3,4,5]. 

According literature, MST offers opportunities ranging from 
extending human functions [6] to using it as a disruptive 
technology with enormous commercial potential[7]. Advantages 
of MST for biomedical applications are small 
size[8,9,10,11,1,7,4,5,2]; low weight[8,10,11,1]; high 
reliability[8,1,12]; low power[8,11,7,12]; low 
cost[8,9,2,11,1,7,12]; superior functionality or performance 
[9,1,7,12,4,2,11,10] and MST can be combined with 
biotechnology and molecular biology[13]. In other words, MST 
provide unique opportunities and will have major impact on 
domains including medicine[9,3,1,4,14]. 

Products made with microtechnology now exist in all phases of 
the development cycle, including volume manufacturing and they 
are being used in lots of medical applications that are on the 
market already [15]. There are numerous examples of Micro 
System Technologies for Biomedical Applications in almost all 
areas of medicine including diagnostics and monitoring 
[14,8,5,7], drug delivery [14,8,16], neurology [14,3,7], surgery 
[14,8,15], audiology [8] and cardiology [8,7]. 

There are also many challenges for (micro fabricated) 
biomedical devices including reliability [8,17,2], 
packaging[2,18,19,1,7,4], bio-compatibility and –stability 
[20,18,19,7,17,9,1], the absence of a mass market driver [1,7,4] 
and long development times [21,4,1]. 
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The opportunities sketched above have led to the idea to 

perform a literature review of MST for implantable applications 
in order to investigate what is reality and what is promise. A 
number of excellent literature reviews exists focusing on specific 
technological categories or clinical areas 
[22,23,14,24,25,26,27,28,29,30]. This chapter provides a general 
and broad overview of implantable MST as reported in the 
literature. It is focused on the technical domain but it is not a 
comprehensive guide on “how to design and manufacture an 
implantable microsystem”, it does not provide a detailed clinical 
background and it is not a business analysis. The overview ends 
with a table were all applications are classified and a description 
of the observations that can be made from this table. To deal with 
the enormous amount of technical aspects of microsystems for a 
variety of applications and still stay within the scope of a thesis 
chapter the following approach has been chosen. The key 
technological concepts for specific applications have been 
summarized as briefly as possible in the body text of section 2.2. 
Technological aspects common to a complete class of 
microsystems are presented in general terms at the start of each 
section dealing with that class (see Table 2.1). Basic 
technological building blocks relevant for all implantable 
applications of microsystems are described in a separate section 
(section 2.3, see Table 2.1). Finally a case study of one clinical 
condition is presented and the role that microsystems play in 
treating that disease (section 2.4). 
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Table 2.1 Graphical representation of the description of technological aspects 
of implantable microsystems in this chapter. The MST class forms the main 
structure of section 2.2. Technological aspects that are specific for a complete 
MST class (indicated as Specific Technology on the left side of the first 
column) are described in section 2.2. Technologies that are relevant for all 
MST classes (indicated as Building Blocks on the left side of the first column) 
are presented in general terms in section 2.3.  
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2.2 Overview of implantable microsystems 

An implantable medical device is considered any device that is 
intended to function inside the body for some time (further 
defined in section 2.2.7). Literature gives various definitions of 
what a microsystem is [31,1,4]. In this chapter, a micro system is 
loosely defined as a device that contains at least one part that is 
made using IC-like fabrication technology with dimensions in the 
order of micrometers. The aim of this section is to give a global 
overview of which microsystems are being used and how they 
are clinically applied. The focus is on the micro fabricated part of 
the total microsystem. Therefore the information presented in 
this section is grouped according to corresponding types of micro 
fabricated parts. The focus is also on implantable micro systems 
not enclosed by a hermetic metal can. The clinical need for these 
microsystems is mentioned and the solution is placed in 
historical context. At the end of this section a summary and 
overall analysis of the information is provided. 

 



Micro System Technologies for Implantable Applications 11 

2.2.1 Sensors 
Implantable micro fabricated sensors are for example used to 

facilitate diagnosis or to provide a means to generate closed loop 
control of therapy. The following subsections are grouped per 
sensor type. Some products or concepts use multiple sensors at 
the same time. These are presented in the section ’other sensors’. 

The most common type among pressure sensors is made using 
surface micromachining processes. A suspended thin mechanical 
membrane is created by etching a sacrificial layer. Membrane 
deflection caused by environmental pressure variations can be 
transduced with help of piezoresistors on the high strain areas of 
the membrane or conductors on both sides of the gap and 
appropriate electronic circuitry. Complementary Metal Oxide 
Semiconductor CMOS (CMOS) compatible micromachining 
processes allow integration of read out circuitry close to the 
sensor. Operating pressure ranges can be tuned towards the 
desired range by changing layer thickness and diameter. 
Accelerometers have a suspended mass that moves relative to its 
mechanical support by external acceleration. The same 
transducer versions as for pressure sensors (capacitive or 
piezoresistive) are used. Both bulk micromachining in 
combination with wafer bonding and surface micromachining 
techniques are used to manufacture accelerometers. The use of 
these two types of sensors for implantable applications can 
leverage the knowledge acquired by the Micro Electro 
Mechanical System (MEMS) industry from the high volume 
markets that exist today (millions of MEMS pressure- and 
acceleration- sensors are sold each year for non implantable 
applications). A variety of other less common sensors will be 
described. Power consumption, size, sensitivity, specificity, 
accuracy and stability are important design parameters for most 
implantable applications of sensors. 
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2.2.1.1 Pressure Sensors 
Intra Ocular Pressure Sensors 
Long term (continuous) intra ocular pressure (IOP) 

measurements offer new perspectives for patients suffering from 
glaucoma. Glaucoma is the loss of vision due to damage of the 
optic nerve for which elevated IOP is one of the risk factors. An 
implantable miniature pressure transensor was proposed in 
1967[32] followed by a miniature pressure sensor system 
intended to fit in an artificial lens in 1990[33]. In 1998 an 
intraocular pressure sensor consisting of a coil on flex, flip chip 
pressure sensor and IC embedded in a lens was introduced 
[34,11]. Such a system is currently being commercialized. 
Another principle is to use a distributed parallel-resonant 
inductive-capacitive circuit, with a pressure-dependent resonance 
frequency. The high Q inductor is deposited by electro deposition 
of copper on a micromachined chip incorporating a pressure-
sensitive diaphragm [35]. 

 
Intra Cranial Pressure Sensors 
Patients suffering from head injury or diseases such as chronic 

hydrocephalus, brain tumors or abscesses may show an increase 
in intra cranial pressure (ICP). Continuous measurement using a 
wireless implanted system offers the advantage of increased 
mobility over catheter based systems [36], can reduce the 
mortality risk of intensive care patients[37] and allows to 
monitor ICP of patients after surgery to treat obstructive 
hydrocephalus [38]. In 1979 several patients were implanted with 
a differential pressure sensor incorporated with a shunt valve 
system using a resonant circuit in the sensor and a radio 
frequency detector outside the body for telemetry [39]. Eleven 
years later the same system was used to determine the 
quantitative relationship between changes in body position and 
ventricular fluid pressure in normal subjects and subjects with 
shunts [38]. In 1983 a long term monitoring technique was 
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presented [40]. A one-chip implanted device with micro coil 
operating through inductive coupling for both powering and 
read/write operation was used with success to read intra cranial 
pressure values in 1988 [41].  

 
In 1995 an Implantable Telemetric Endo System (ITES) was 

developed by an interdisciplinary consortium of industrial and 
non-industrial partners[42]. Further developments used surface 
micromachined polysilicon membranes for capacitive absolute 
pressure detection and monolithic integrated circuitry. The sensor 
system was tested in vitro in 0.9% NaCl solution, showing 
excellent results compared to a commercially available reference 
sensor[37]. Eggers et al [43] made an argument for a non 
integrated approach, using a surface micro-machined capacitive 
absolute pressure sensor fabricated in an eight-mask Metal Oxide 
Semiconductor (MOS) - like process and two low-power 
Application Specific Integrated Circuits (ASICs) for capacitance 
change read-out and telemetric data and energy transmission. 
They used flip-chip mounting on a flexible substrate. The same 
system is also proposed for intraocular pressure[44]. In 1997 a 
fully implantable CMOS compatible pressure and temperature 
sensor on flex with ASIC with on chip coil for telemetry 
protected with silicone was made based on prior experience with 
catheter versions. This system used a switch between the 
sampling rates in order to capture special signal components in 
an emergency situation.[36,45]. 

An implantable telemetric pressure sensor system for long-term 
monitoring of therapeutic implants is currently being developed 
in the frame work of the European project Healthy Aims[46]. 
One of the clinical application areas mentioned is measurement 
of ICP. Other applications include measurement of IOP (see 
above) and monitoring pressure outside an aortic stent-graft 
placed to exclude aneurysms from blood flow (see below). The 
implanted part of the system consists of a measuring head made 
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of a pressure sensor and an interface IC connected to a telemetry 
unit by a conducting lead. The telemetry unit contains a 
transponder chip, micro controller and antenna coil [47]. An ICP 
system using a miniature strain gauge pressure sensor mounted in 
a titanium case at the tip of a 100cm flexible nylon tube is 
commercially available[48] and was clinically evaluated in 
1998[49]. 

 
Cardio Vascular Pressure Sensors 
The heart pumps blood through the body’s vascular system and 

blood pressure at various anatomical positions contains clinically 
relevant information. Pressure proximal and distal to an 
occlusion can be measured to quantify its severity in terms of 
flow reserve [50]. It is also measured before and after a balloon 
catheter operation [51]. Pulmonary wedge pressure measured 
downstream of a temporarily occluded pulmonary artery is used 
to monitor patients with heart failure. This section starts by 
describing micro fabricated pressure sensors on catheters that 
have been proposed or developed to address these temporary 
needs and then progresses to examples of microsystems for 
continuous monitoring of cardiovascular pressure as found in 
literature. 

 
Microfabricated pressure sensors on catheters offer advantages 

over fluid filled catheters with external transducers and are used 
on a regular basis in the clinic or for animal research [52]. They 
are not suffering from catheter whip, limited frequency response 
and resonance and due to their small size they can reach small 
places while yielding pressure readings comparable to reference 
sensors. In 1973 a patent was issued describing miniature strain 
gauges for measuring pressure variations at the tip of a catheter 
[53]. Other patents describe the use of piezo-resistive material 
[54]; a differential pressure measurement [55] and a miniature 
catheter tip measurement device with a pressure sensor of 0,4mm 
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x 0,9mm x 0,15mm (width x length x height) that is determining 
the total diameter [56]. This company is currently making 
pressure-conductance catheters used for mouse experiments. 
Another company produces conductance catheters with pressure 
sensors. The transducer consists of a miniature strain gauge 
pressure sensor mounted in a titanium case at the tip of a 100cm 
flexible nylon tube [49]. Two multiplexed pressure sensors 
operated via two wires for differential pressure measurements 
were presented in 1992. A hermetic cavity is made using anodic 
bonding of silicon to a glass substrate and a dissolved wafer 
process. Conductors pass into the cavity through a recessed area 
that is later sealed with plasma enhanced chemical vapor 
deposition (PECVD) of silicon nitride or oxide. CMOS circuitry 
is mounted in a recessed area in the glass and connected to the 
diaphragm using wirebonding [57]. An integrated circuit (IC) 
piezo resistive pressure sensor mounted on the tip of a catheter 
was already proposed by this group in 1973 [58]. A reference to 
a capacitive pressure sensor dates from 1980 [59]. A guide wire 
with a pressure sensor at the tip also exists that uses a tiny 100µm 
x 150 µm x 1300 µm chip incorporating a piezo resistor attached 
to the side of a thin surface micromachined membrane that 
hermetically seals a cavity in which a vacuum exists. The 
membrane deflects under pressure, causing stress in the piezo 
material. The change in resistance is measured using a 
wheatstone bridge. A passive piezo resistor is provided to 
compensate for temperature effects [51,60]. The same group 
describes a tip pressure catheter using an optical technique to 
detect a resonance frequency which is changed by the pressure 
[51,61] or using a cantilever that moves due to the pressure, thus 
changing the amount of reflected light [62]. Drawbacks are in the 
optical connections and production packaging limitations [51]. 
Another company describes an optical pressure sensor that is 
based on detecting a pressure sensitive interference pattern in a 
cavity with a photo detector [63]. Since everything is happening 
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in the tip there is no need for special measures to correct for 
influences of catheter bending [64,65]. Capacitive pressure 
sensors have a high pressure sensitivity, low temperature drift but 
need onsite detection electronics if capacitance is very small 
[51]. A surface micro machined capacitive pressure sensor 
(0.7mm x 5mm) on a 1mm catheter is described in [11]. It has a 
120µm membrane with 1µm gap, on board amplification and 
pulse width modulated output at a power consumption of 5mW. 
This pressure sensor has already been described for an invasive 
measurement of blood pressure in 1990[66] and for use on a 
catheter in 1991 [67]. In that same year another catheter-tip 
capacitive pressure sensor was presented [68]. The size of this 
sensor is 0.7mm x 3.5mm x 0.8 mm and the spacing between the 
capacitor electrodes is 1.0µm. A capacitance detection IC is 
placed close to the diaphragm and only two wires are needed for 
the sensor. Eight years earlier the same group was presenting 
work on buried piezo resistors for catheter tip and side wall 
biomedical applications [69,70]. Very recently they have 
developed a fiber-optic Fabry-Perot interferometric pressure 
sensor of 125µm in diameter and a detection system [71]. This 
same principle is used by another company and dates from 
1993[72,73]. The sensor has two optical fibers polished 
perpendicular to the transmission line and coated with a thin 
layer to form the mirrors placed at a distance from each other to 
form the cavity. This yields a precise, stable, fast and 
inexpensive sensor. 

 
 
 
Continuous monitoring of pressure for cardiovascular 

applications using wireless implantable microsystems offers 
additional opportunities for better therapies and increased quality 
of life for a number of conditions that are presented below. 
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Coronary artery disease 
Atherosclerosis is the forming of plaques inside arteries which 

can lead to reduction or obstruction of blood flow, ultimately 
causing chest pain, myocardial infarction (MI), arrhythmias 
and/or heart failure if this happens in the coronary arteries of the 
heart. A stent can be placed in the occluded area via 
percutaneous technique (coronary angioplasty). Researchers have 
proposed to use pressure sensors on stents to be able to monitor 
restenosis of the stent (reoccurrence of occlusion after the 
procedure) [74]. The backbone of this stent is fabricated from a 
50 µm thick stainless steel foil using micro-electro-discharge 
forming two 50 nH coils, coupled to two micromachined 
capacitive pressure sensors. Each coil-capacitor (LC) circuit can 
be wirelessly probed. The use of a permanently implanted 
pressure sensor for ambulatory left atrial pressure monitoring 
may detect heartfailure and help confirm successful 
revascularization [75]. This device is also used to optimize 
therapy for heart failure ([76], see below). To improve the 
recovery of damaged heart muscle, the circulation of patients 
arriving in the emergency room with an acute MI is sometimes 
temporarily assisted by a catheter based cardiac assist device. 
There is a need for pump control, for example to detect correct 
placement or obstruction, that can be provided by a pressure 
sensor. One cardiac assist device has an pump head with sensors 
using an integrated full bridge piezo resistive pressure 
sensor[77]. The same company has a completely implantable 
version that also incorporates pressure sensors. 

 
Heart failure 
When the heart muscle weakens due to prior infarction or 

muscle disease, the heart loses part of its capacity to pump blood, 
leading to an enlarged heart, which causes symptoms like fatigue 
and shortness of breath. A permanently implanted pressure 
sensor may function as a means of optimizing a cardiac 
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resynchronization/defibrillator system [76]. Frequent, 
noninvasive, monitoring of pulmonary artery diastolic pressure 
(PADP) may provide necessary direction for therapy in 
ambulatory patients with heart failure [78]. Implantable 
hemodynamic monitoring using right heart pressures provides 
diagnostic, therapeutic, and prognostic information that may 
have a significant impact on health care delivery in congestive 
heart failure (CHF) [79]. 

One implantable hemodynamic monitoring system contains a 
power source, integrated circuitry, a piezoelectric activity sensor 
and a radiofrequency transmission coil hermetically sealed in a 
titanium can. A modified pacemaker lead containing an absolute 
capacitive pressure sensor is positioned in the right ventricular 
outflow tract, requiring correction for ambient atmospheric 
pressures[79]. First experiments using this system to measure 
maximum rate of rise of right ventricular pressure for rate 
adaptive pacemakers were reported in 1992[80] followed by 
clinical studies for heart failure[81,82,83,79]. 

A fully implantable device that can sense direct left atrial 
pressure, core temperature and intra-cardiac electrocardiogram 
using external radio-frequency power via a telemetry coil has the 
sensor placed across the inter-atrial septum. The sensor device 
has been tested in animal models with good evidence that it is 
impervious to full thickness tissue coverage, still delivering 
accurate left atrial pressure signals [76]. 

A permanent implantable device placed percutaneously in the 
right pulmonary artery via the internal jugular vein for the 
noninvasive monitoring of PADP is used in a clinical setting for 
HF therapy as well. Using ultrasonic signals, it generates the 
PADP waveforms on a desktop system [78]. This device is also 
being used for abdominal aortic aneurysm (AAA) sac pressure 
monitoring ([84], see below). A major challenge for all sensors 
placed in the left side of the circulation is that blood clots may 
develop on their surface that, when released, may cause stroke. 
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Aneurysm 
An aneurysm is a bulging of a weakened vessel wall. The 

success of AAA repair by placing a stent graft is expressed in 
terms of AAA sac shrinkage, most probably caused by excluding 
the sac from the systemic pressure [84]. The non invasive 
detection of sac pressure may allow a change in the current 
follow-up strategy [85]. Currently lifelong monitoring typically 
using computed tomography (CT) scans is indicated[86]. A 
miniaturized pressure monitoring device (3 x 9 x 1.5 mm) using 
an ultrasound-based system that allows for pressure 
measurements in a noninvasive, transcutaneous fashion was 
implanted in an animal model and yielded almost identical 
results compared to catheter based pressure readings. The 
efficacy of identifying pressure changes in an excluded aneurysm 
sac with endoleaks was demonstrated [85]. The implant contains 
a piezoelectric membrane that energizes a capacitor when 
actuated by ultrasound waves from a hand-held probe. Once 
charged, a transducer within the device measures ambient 
pressure and then generates an ultrasound signal that is relayed to 
the hand-held probe. First human clinical experience with this 
device was reported in the same year [87] and work is continuing 
[84]. In an alternative concept an external magnetic loop puts a 
signal on an implanted loop containing coil and micro fabricated 
pressure sensitive capacitor using RF energy. The change in 
capacitance can be read out on the external side as a change in 
resonance frequency [86]. The device has recently been approved 
by the Food and Drug Administration for acute implantation 
[88]. 

 
Hypertension, arrhythmias 
Permanent recordings of intravascular pressure may also 

improve the diagnosis and treatment of hypertension or might be 
used to detect pulse rate and amplitude for assessing 
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haemodynamic effects of arrhythmia. The pressure gradient 
between two positions at different depth in the myocardium is 
very well correlated with ventricular pressure under various 
cardiac rhythms, preventing the need to measure inside the left 
circulation [89]. 

A completely implantable, tined silicone capsule[90] 
containing a telemetric sensor chip and a ferrite coil to be 
anchored in a branch of a vessel is currently under 
investigation[91]. The sensor chip uses a surface micro machined 
capacitive pressure sensor[66] - also mentioned above for 
temporary use on catheters - that can be designed to operate at a 
specific pressure range by adapting the diameter of the 
membrane. The read-out electronics are integrated on the same 
chip using standard CMOS process. The chip contains an 
additional temperature sensor, readout and calibration 
electronics, a micro controller based digital unit, and an RF-
transponder front end [34]. 

In 1990 a miniaturized capacitive pressure sensor has been 
developed for implantation in the human heart. The pressure 
signal modulates the current in the power line resulting in a two-
wire approach, with low output impedance, in total absence of 
any direct current (DC) components. The device is mounted in a 
needle extending a certain length off a base plate under an angle 
for reaching a specific depth inside the myocardium [89]. 

 
Pressure Sensors for Urology 
Urodynamic investigations to diagnose urinary problems 

involve interventions in the bladder and simultaneous 
measurements. Typically these are catheter based tools that use 
miniature pressure sensors at the tip. Totally implantable 
pressure measurement systems would enable measurements 
under close to normal life circumstances for the patients [92,93]. 
In 1984 such a device has been proposed. A thick film substrate 
serves as a carrier and interconnecting device for the 
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components. The entire circuit is protected with a micro-
machined ceramic package, with a removable container for the 
disposable battery. The system can transmit pressure data over at 
least 4 m, with an autonomy of half a week [92,94,95]. A 
pressure sensitive telemetry device consisting of pressure sensor, 
amplifier and voltage controlled oscillator (VCO) has also been 
reported. The device was able to transmit pulses of radio waves 
which pulsing rate is a function of the pressure [93]. In 1987 a 
closed loop control of the unstable bladder has been proposed. It 
relies on a biofeedback system, which makes use of the bladder 
pressure as a parameter for functional stimulation. The key 
element consists of an implantable bladder pressure telemetry 
device that relies on a radio frequency (RF) power link. To close 
the biofeedback system, an independent programmable 
stimulator has been developed that is triggered by the pressure 
data [96]. The combination of micro fabricated sensors and 
actuators to form a closed loop control system is currently still 
under investigation. An artificial sphincter and sphincter sensor 
is being developed in the European project Healthy Aims [97]. 

 
Pressure Sensors for Other applications 
A small pill shaped bio-telemeter to be used for monitoring the 

health of a fetus during and after in-utero fetal surgery was 
presented in 1998. The fully implantable, miniaturized sensing 
device is linked to a remote receiver through a wireless radio 
frequency link. It is small enough to be introduced to the uterine 
cavity through a 10 mm trocar during endoscopic fetal surgery 
[98]. Solid-state-pressure-sensor-catheters are also used in 
gastroenterology for measurements in the gastro intestinal tract 
(GIT). Another GIT application uses a stimulus sensitive 
hydrogel at the core of a sensor to measure the partial pressure of 
carbon dioxide in the stomach for patients with gastrointestinal 
ischemia. Briefly, CO2 goes through a membrane, mixes with an 
electrolyte and changes the pH causing the hydrogel to 
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swell/crimp which changes the pressure that is measured by a 
pressure sensor [99,100]. 

A miniaturized micro structured measurement cell covered by a 
semi permeable diaphragm to be implanted micro invasively into 
the anterior chamber of the eye has been proposed as a glucose 
sensor. Osmotic pressure within this cell depends on the 
intraocular glucose concentration and is translated into 
deformation of the diaphragm which is measured using white 
light interferometry [101]. In a similar sort of concept a thin 
membrane is deflected using a glucose-sensitive hydrogel which 
exhibits swelling when immersed in a glucose-containing 
solution [102]. 

2.2.1.2 Acceleration sensors 
Many modern pacemakers contain accelerometers that monitor 

the activity of the patient and adapt the pacing rate accordingly 
[103]. One company has developed an accelerometer in the tip of 
a lead [104]. Another device uses an accelerometer and telemetry 
system for the detection of hip prosthesis loosening by vibration 
analysis [105]. The same group already used injectable 
accelerometers for animal monitoring in 1993 [106]. 

2.2.1.3 Amperometric sensors 
An amperometric principle (measuring current) is for example 

used to measure glucose. Glucose oxidase (GOx) is immobilized 
in some way on a microfabricated electrode. GOx is an enzyme 
(a catalyst in biological systems), that facilitates the oxidation of 
glucose. This reaction produces hydrogen peroxide that takes 
part in the corresponding reduction reaction at another electrode. 
Micro machined electrodes have the advantages of low cost, 
mass production, fast response time and high reliability. 
However the output current is very low because of the small size 
and it is difficult to immobilize GOx on the electrode surface. 
Therefore the main technological challenges of these sensors are 
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in the charge transfer mechanism, the GOx immobilization using 
various methods (glutaraldehyde cross linking, bovine serum 
albumin cross linking, electro polymerization, sol-gel) or self 
assembling mono layers and electrode material issues (Au, Pt, 
carbon). The largest portion of these sensors is for use outside the 
body. Here implantable devices that use microfabrication to add 
functionality to amperometric glucose sensors with micro 
electrodes are presented. One group presents a surface 
micromachined needle-shaped structure for in-situ glucose 
monitoring. The Ti/Pt and Ag/AgCl electrodes are located at the 
tip of the needle. The needle shape and windows in the cells are 
created using wet and dry etching [107]. Others have used 
cleanroom processing techniques to mass-produce flexible, 
electroenzymatic glucose sensors designed for implantation in 
subcutaneous tissue for continuous glucose monitoring [108]. 
Currently this system is market released and feasibility studies of 
a combination with insulin pump therapy are being performed 
[109]. 

2.2.1.4 Other sensors 
Under this heading flow-, ac conductance-, magnetic-, strain-, 

force- and other sensors for a variety of clinical applications will 
be presented. 

Measurement of blood flow can be relevant for the diagnosis of 
cardiovascular disease, for monitoring restenosis in stents [110] 
or for optimizing settings of pacemakers. Some techniques for 
measuring flow are based on the differential hot film 
anemometer. One implementation of this principle uses a bulk 
micromachined 5 µm thick membrane with two temperature 
sensitive diodes and polysilicon heating resistor [11]. Another 
one proposes the use of distributed thermistor thin film on a 
catheter to measure flow [111]. A flow sensor based on a micro-
opto-mechanical principle is described in [112]. The position of a 
micro machined part that is packaged between two glass wafers 
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is dependend on the flow and is measured by a light emitting 
diode (LED) and a photodiode on opposite sides of the two glass 
plates. It uses a 30 µm thick silicon on insulator (SOI) layer with 
3 µm oxide where the carrier layer is completely etched away. 
An electromagnetic principle to detect wrong probe placement by 
an unbalance in flow is presented in [113]. An electric field is 
measured perpendicular to the flow and a magnetic field created 
by a dual magnet set up. For flow based on the Doppler effect 
using micro machined ultrasound transducers see section 2.2.4. 

Alternating Current (AC) conductance can be correlated to the 
hematocrit value of the blood and can be measured with a 4 point 
measurement from Pt electrodes made using a lift off technique 
[11]. 

Magnetic sensors are used to facilitate navigation during 
clinical procedures. One such system has three dimensional (3D) 
magnetic sensor on a catheter [114,115]. 

Strain sensors are used in dental care and orthopedics to 
monitor the status of implants. A low power miniaturized 
autonomous datalogger capable of measuring, compensating and 
processing 18 different strain gauges simultaneously is presented 
in [116]. Hip and knee joint prosthesis are modified to enclose 
strain gauges and electronics [117]. 

Force sensors are used in minimally invasive robotic surgery. 
One sensor is based on a flexible titanium structure fabricated 
using electrodischarge machining of which the deformations are 
measured through reflective measurements with three optical 
fibers. It has a range of 2.5N in axial direction and 1.7N in radial 
direction [118]. The addition of MEMS tactile sensors on tools 
for minimal invasive surgery is described in [119]. 

Information from multiple sensors located on the tip of a 
catheter generates more data that will be available to the doctor 
to improve diagnosis, monitor the procedure and assess the 
effectiveness of therapy during minimal invasive transvenous 
cardiological or neurological procedures[120]. Measuring 
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pressure, flow and temperature at the same time assists in 
diagnosing small vessel disease[121]. A multiple parameter 
blood sensor for simultaneous pressure, flow and oxygen 
saturation is presented in [18,120]. The pressure sensor has a 4 
µm thick polysilicon membrane with polysilicon piezoresistive 
readout; the flow velocity sensor has a polysilicon heater with 
aluminum-polysilicon thermopiles on either side and the oxygen 
saturation sensor uses two stacked diodes with the top one being 
sensitive to 660nm and 800nm and the bottom one only to 
800nm. Another catheter tip chip measures pressure, flow and 
temperature simultaneously. Pressure is measured using piezo 
resistive elements on a flexible membrane. Flow is measured 
using the hot wire method or temperature dilution. Temperature 
is measured using the temperature sensitivity of the piezo resistor 
[121].Another contribution describes a silicon chip with a 
pressure and a temperature sensor with a total catheter size of 
about 1.5 to 2 mm diameter [4]. 

There are a number of other examples involving other types of 
sensors that are made using micro fabrication technology. One 
research project is developing miniscule subcutaneous sensors, 
that can be used to monitor, for example, the function of the heart 
or prosthetic joints over long periods of time [122]. Others are 
aiming at the development of an implantable glucose sensor 
[123,124]. 

Finally there are some implantable applications of sensors for 
continuous long term animal monitoring that will be mentioned 
here. One company has a whole range of products for animal use 
(blood pressure, heart rate, electro cardiogram (ECG), electro 
encephalogram (EEG) and activity) and also a human clinical 
division. [125]. A European research project yielded a device 
that monitors heart sounds. The electronics are housed in a 
polyallomer tube (dimensions 75 mm x 17 mm) including a 
piezoelectric sensor [126]. Even though storing an identification 
number is not really sensing something, two chronically 
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implantable radio frequency identification devices (RFID) chips 
for animal use will be mentioned here. One consists of a passive 
chip and antenna sealed in inert glass capsule implanted under 
the skin and only activated when scanner is placed over it [127] 
and the other is implanted using an injection pistol [128]. 

2.2.2 Electrical Stimulation and Sensing 
A large portion of implantable clinical applications of micro 

system technology is dealing with electrical stimulation and/or 
sensing and has a long history starting in the 1950’s[25]. 
Examples of current devices and therapies are cardiac 
pacemakers, cardiac resynchronization devices, implantable 
cardioverter defibrillators, cochlear stimulators, neurological 
pulse generators for spinal, deep brain or sacral nerve 
stimulation[129,130] and there are options for other clinical areas 
[131]. Generally speaking, an electrical stimulus is generated by 
an implantable pulse generator (IPG) and electrically conducted 
to an electrode positioned at the therapy delivery site. 

This section provides a general overview of the various 
electrical stimulation/sensing devices using micro fabricated 
electrodes including complete stimulators made using micro 
system technologies (microstimulators) for implantable 
applications. The term micro electrode is also used for single 
electrodes with a diameter in the order of 1 µm made of glass or 
etched metal needles applied for intra-cellular potential 
recordings. In this chapter only micro electrodes made using IC-
like fabrication technologies will be considered, offering the 
advantage of exact electrode positions, small size, multiple 
electrodes, improved electrode tissue interface and active 
circuitry [132,133,131,134] that can lead to adaptable therapy 
[135]. 

Micro electrodes are made on a flat substrate with thin film 
techniques (2D array), plating (electroplating or electroless) 
creating 2.5D or with combinations of various processing steps to 
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create poles with the possibility to have multiple electrodes along 
the length of each pole (3D array). The electrode materials are 
Pt/Au/Ir/IrOxide/Ag/TiNi/C. These materials have optimum 
charge transfer properties for electrical stimulation in 
combination with electrochemical properties that lead to long 
term stability. There are several concepts in which the electrodes 
are made on top of electronic circuitry providing some form of 
intelligence (multiplexing/current sources). The substrates can be 
thinned or processed to the extent that they become flexible, or 
can be made of a flexible material from the start. 

2.2.2.1 Micro Electrodes for Ophthalmic Applications 
In some diseases of the eye like retina pigmentosa or age 

related macula degeneration, only the rods and cones that 
transform incoming light into electrical signals are affected while 
the optic nerve fibers are still intact. Electrical stimulation of the 
nerve cells in the retina [136,137], in order to generate visual 
sensation in these patients, is being investigated by several 
groups. In general terms, the stimulation pattern is either based 
on wirelessly received information generated by a camera 
system, data processing algorithm and transmitter unit or directly 
received from photosensitive elements attached to the electrodes. 
Other approaches use electrical stimulation of the optical nerve 
or in the visual part of the cortex [138] 

 
Epiretinal Stimulation 
In this case electrodes are place in contact with the ganglion 

cells that are located at the inner surface of the retina. An 
intraocular prosthesis that could electrically stimulate the inner 
retina to provide vision has been postulated in 1994[139]. Since 
then this system has gone through animal [140] and human 
testing[141]. It consists of an implantable stimulator and a 4*4 
array of 460-micron diameter platinum disks positioned on the 
retina. The implantable part of another system consists out of a 
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coil on flex with decoder IC and stimulation IC with electrodes 
[34,142,19,11]. This work started in 1995[143] and has been 
extensively tested in animals [144]. Authors involved in the 
above projects have published the actor component of the retina 
implant stimulator, which is a flexible active silicon 
multielectrode used for electrostimulation of the retinal ganglion 
cells [142]. A similar system is being developed in the context of 
the European project Heatlhy Aims [145]. First acute human 
trials with part of the system are being done [146]. In 1996 
another group reported on stimulation of ganglion cells using 
conventional electrodes or a neural prosthesis [147]. The retina is 
electrically stimulated using Iridium Oxide electrodes on a 
flexible substrate [148]. 

 
Subretinal Stimulation 
In this case electrodes are placed under the surface of the retina 

and receive their signals from photosensitive elements. 
Subretinal electrical stimulation of the rabbit retina with a bipolar 
strip electrode consisting of two pieces of Au foil on both sides 
of a polymer foil was reported in 1997 [149]. The same authors 
are involved in a company that makes an “artificial silicon 
retina,” a microchip with 5,000 solar cells that stimulates 
remaining functional retinal cells[150,151] which is currently in 
clinical trial[152]. Feasibility of a similar concept investigated by 
another group is presented in 1999 [153]. Long term stability and 
biocompatibility of the subretinal implants has been studied 
extensively [153,154,155] using wired prototypes and a silicon-
based micro-photodiode array that closely resembled the design 
and composition of the final prosthesis [156]. 3-dimensional 
micro-fabrication substrate-integrated microelectrodes show an 
improved charge transfer capacity [157]. This group has also 
published a survey of subretinally implanted microphotodiode 
arrays [158] and visual prostheses in general [159]. 
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Optical nerve stimulation 
Visual information received in the eye is transmitted in 

electrical form through the optical nerve to the visual cortex. 
Appropriately encoded electrical stimulation of the optical nerve 
could restore vision in blind patients. A first system was 
implanted in 1998[160] and patients are still being followed 
[161]. It is experimentally determined which stimulus causes 
which phosphenes, and this information is used to transform 
images into a stimulation pattern. 

 
Visual cortex stimulation 
Electrical stimulation of the medial occipital cortex can 

produce visual sensations [138]. One system includes a video 
camera, external signal processing equipment, and a brain 
implant that gives blind people with totally non-functional retinas 
the ability to have some kind of vision [162,163]. Research into 
an array of penetrating electrodes that can form the basis of a 
visual prosthesis centered around electrical stimulation of the 
visual cortex was reported in 1988 and is ongoing[164,165,166]. 
The system is also being used for chronic recording of the 
neuronal activity in the visual cortex [167,168]. These studies 
can aid in the development of implantable electrical stimulation 
systems to restore vision [168]. The evolution of the electrode 
array manufacturing and design is extensively described in 
literature [169,165,170,171]. Another group uses an array of 
thirty-eight microelectrodes spaced 500 microns apart[172]. Yet 
another group uses a miniaturized visual implant containing a 
micro electrode array[173,174,175]. 

2.2.2.2 Micro electrodes for auditory applications 
Along similar principles as applied in the ophthalmic case 

described above, electrical stimulation can restore “hearing” in 
patients who have an intact nervous system but irreversible 
conduction hearing loss like damaged hair cells in the inner ear. 
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Electrical stimulation of the auditory nerve can be applied in the 
cochlear nerve in the inner ear, in the midbrain or in the 
brain[176]. 

The use of microfabrication for better field distribution, using 
addressable electrodes and well-timed electrical pulses for field 
steering can improve the therapeutic effect [177]. 
Microtechnologies for this application are being investigated in 
the context of a European project[178,179]. Topics include active 
electrodes for implantation in the cochlea; polyimide- and 
integrated silicon based electrodes for implantation in the 
modiolis nerve bundle and microconnectors and microelectrodes 
[178,176]. An example from another group is an entirely flexible 
micro electrode array (40mm long, 4 µm thick) that is made 
using a boron / ethylenediamine-pyrocatechol (EDP) approach 
designed for insertion into the cochlea. The shape and position 
can be monitored by sensors on the probe [133]. 

2.2.2.3 Micro electrodes to restore motor function 
Restoration of motor function in paralyzed limbs due to 

damaged nerve fibers may be realized by electrical stimulation. 
Recording of signals from nerves may be used as feedback or 
input to form neuroprosthetic devices[180]. 

There are many examples of restoring motor function by 
electrical stimulation that are not using micro electrodes but that 
do use micro fabrication techniques in other parts of the implant 
[181,182,183,184,185,186]. Most of these have a history of over 
25 years. In 1991 an injectable microstimulator contained in a 
hermetically sealed glass capsule receiving power and command 
signals by inductive coupling for use at neuromuscular sites was 
described [187,188,189]. In the same year another group 
performed a study with a 45 µm thick tip-shaped silicon substrate 
containing twelve platinum electrode sites (10 µm x 50 µm and 
50 µm distance) with a Si3N4 insulating layer [190]. Four years 
later a 3D multi-electrode array manufactured using a sawing 
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procedure in combination with a reactive ion etching (RIE) 
process was presented. A flip-chip technique to connect the array 
to (de)multiplexing circuitry,in which current sources and buffer 
amplifiers are also integrated, is being studied[191]. Later, a two-
dimensional 24-channel array using 25um-diameter NiCr wires 
was used to achieve the desired level of redundancy [192].  

A microstimulator that can be implanted through a gauge-10 
hypodermic needle was developed in 1996. It uses a glass silicon 
anodic bond and polysilicon feedthroughs [193,194,195,196]. 
The same microelectrode arrays that have been described above 
for visual cortex stimulation and recording have been proposed 
as a means to enable patients with severe neuromuscular disease 
to more effectively interact with their environment 
[197,166,180]. Another group describes platinum electrodes 
fabricated with a lift off technique on a 5 µm polyimide carier to 
be placed around a nerve. A top layer of polyimide is deposited 
for mechanical support and isolation, the electrode areas are 
opened by RIE [198]. Mutiplexer circuitry is connected to the 
electrodes using a specially developed interconnect technique to 
reduce the number of cables needed to address the electrodes 
[13,17,10,131,199]. Special electrode designs using similar 
fabrication techniques are intended to promote nervous 
regeneration through holes in the structure [13,200]. More 
recently, the development of an all plastic implant including 
electronics and conductors for improved flexibility has been 
presented [200,201]. Another implantable microstimulator 
system for neuromuscular stimulation is described in [202,203]. 
In 1987 an implantable stimulator packaged in a ceramic cylinder 
for long-term muscle stimulation was reported [204,205]. 

2.2.2.4 Micro electrodes for brain research 
Penetrating neuro probes for recording of brain activity offer 

the advantage that signals can be collected from within the brain. 
The examples mentioned in this section are mainly used to study 
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the functioning of the brain at a fundamental level. They enable 
discovering correlations between electrical activity in the central 
nervous system and externally applied psychophysical stimuli 
[206,207]. Mostly, the long term outcome of this fundamental 
research is targeted towards a specific clinical application. For 
example, brain activity during a developing epileptic seizure was 
measured inside the brain before it was measurable on the 
surface [22] and its use for closed-loop control of neural 
prostheses was studied[208]. Although they are aimed at these 
applications, we feel that the concepts presented here fit best 
under this heading of brain research. There are several ways to 
fabricate such electrical probing devices using micro technology. 
One example uses a silicon carrier (3mmx50umx15um) that 
supports an array of polysilicon or tantalum thin-film conductors. 
Silicon nitride and silicon dioxide are used to define the electrode 
openings. The process allows inclusion of circuitry for signal 
amplification and multiplexing [208]. More recently this group 
presented silicon ribbon cables for implantable neural probes 
[209]. Another multiple electrode probe is produced by means of 
thin-film techniques. Silicon dioxide and silicon nitride are used 
as insulation layer. Gold, Platinum or Silver that can be 
chlorodized at the surface are used for recording [22]. Others 
have proposed to treat chronic pain in a closed-loop scheme of 
electrical recording and stimulation in the brain. The probe 
substrate structure is obtained from a thinned silicon wafer. Each 
recording probe has 10 TiW/Au recording sites [207].Yet another 
penetrating neural probe for neuro biological research has 16 
Iridium electrodes on each tip that are made in three phases using 
a combination of dry and wet etching [132]. One implant has 
three shanks with five recording sites (20 µm x 20 µm) and two 
via holes (40 µm x 40 µm) to promote tissue attachment on each 
shank. The electrodes have a 5-10 µm thick silicon backbone 
layer at the tip that is rigid enough to penetrate the pia and a 
1mm flexible segment without a silicon backbone layer. 
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[210,211]. A multifunctional probe allowing both electrical and 
chemical recording and stimulation for fundamental brain 
research is being developed in the context of a European 
project[212]. Another example is the use of a three dimensional 
array of microneedles that penetrates the outer skin layer for 
electroencephalography. The spikes are etched in silicon by deep 
reactive ion etching and are subsequently covered with a silver-
silverchloride (Ag-AgCl) double layer [213]. A device that 
allows the stimulation electrodes to be configured and thereby 
reduces side effects for deep brain stimulation is under 
investigation by another group [214]. 

2.2.3 Micromachined drug and gene delivery devices 
Drugs can improve the life of patients for a wide range of 

clinical conditions and can be administered in a number of ways. 
Microsystems are aiming at improving the control over the release 
of the drug at the appropriate time and site and in appropriate 
dosage. Four different sorts of microsystems in this area are 
distinguished: implantable pumps, smart pills, micro porous 
materials and microneedles (considering skin penetration as 
implantable). 

The basic ingredients of a membrane type of pump are a fluid 
inlet, a pumping chamber and a fluid outlet. The volume of the 
pumping chamber is controlled by a deflectable membrane. One 
stroke of the membrane moves a controlled volume of fluid. 
Valves on the in- and out-let ensure flow in the correct direction. 
Important design characteristics for delivery of substances to the 
body are accuracy, resolution, safety and control. Therefore 
additional features on such pumps are integrated-pressure sensors, 
-flow restrictors and -fluid filters [215]. 

One completely microfabricated pump opens the way to 
implantation of the pump at various anatomical positions 
[216,217]. Another company is progressing towards first market 
introduction of a micro pump [218]. Implantable biosensors and 
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micropumps also work together as a closed loop control system 
for personal pharmaceutical delivery [219]. Other pumps contain 
micromachined parts or sensors for pump control.  

An ingestible capsule that signals a remote receiver and 
releases a dosage of medicament when triggered is described in 
[220]. A similar concept is a micro pill containing drug 
reservoirs and microelectronics for the controlled release of the 
drug using wireless technology [221,222]. Another variation of 
this concept is the timed release of single doses from within a 
large array of dose reservoirs [223]. 

Some drug delivery concepts are based on porous materials or 
nanoporous membranes [216]. There are also various examples 
of microneedles being used for transdermal drug delivery. 
[216,224,225,124]. One concept includes pumping, liquid 
storage, liquid dosing and anti clogging measures [226,227,228]. 

Microneedles have also been used for transdermal gene 
delivery. One technique is based on a set of oscillating solid 
microneedles driven by a modified tattooing device that results in 
plasmid DNA delivery directly to the target cells. This technique 
is more efficient than single injection and particle-mediated gene 
transfer [229]. Arrays of silicon projections ranging in height 
from 50 to 200 µm have been fabricated using isotropic 
potassium hydroxide etch techniques on 1cm2 microchips. When 
these micro structures were placed in contact with DNA solution 
and then moved laterally over the skin they were able to breach 
the skin barrier [230]. There is one example of a stent with micro 
needles covered with a nanoporous layer that contains the 
therapeutic agent like DNA. The needles are designed to 
penetrate the internal elastic lamina of a vessel leading to an 
effective delivery. The translamina stent has been successfully 
deployed in vivo in rabbit femoral arteries [27]. 
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2.2.4 Micromachined ultrasound transducers 
Micromachined ultrasound transducers are used to measure 

flow based on the Doppler effect[110] or provide images based 
on echos [231,232,233] for vascular or endoscopic[234] 
applications. The implantable ultrasound transducers mentioned 
here are designed to fit on a tool in the shape of a catheter or 
guidewire for use in transvenous or minimally invasive 
procedures. Individual element dimensions in the order of 
micrometers are achieved with “non standard” micro fabrication 
techniques out of bulk lead zirconium titanate (PZT) material, 
and are needed to fit the transducers on the implant tools. More 
recently, capacitive micromachined ultrasound transducers 
(cMUT) were introduced manufactured by means of surface 
micromachining, offering the advantage of higher integration 
levels for improved quality. 

cMUT consist of a sealed cavity beneath a membrane with 
electrodes on both sides of the membrane. An electrostatic force 
between the plates of the capacitor causes the membrane to 
vibrate and emit acoustic energy. A 16x16 cMUT array that fits 
through a 5mm lumen is proposed for two dimensional (2D) real-
time volumetric imaging in [234]. The silicon substrate on which 
the cMUT are made can also be thinned down and bent [235]. 
Another group has used cMUT for forward looking intravascular 
ultrasound [236,237,232]. 

The devices based on PZT all realize a large number of 
interconnects in a small space. One group creates the transducers 
on a flexible circuit that is rolled up to fit into a 1.2 mm diameter 
guide wire which puts very high requirements on flip chip, chip 
thinning, dicing accuracy and number of interconnects [238]. 
Likewise, a 112 channel two-dimensional array constructed on a 
six layer flexible polyimide interconnect circuit is mounted on a 
catheter with 2.33 mm outside diameter [239,240] or a 1 mm 
diameter intravascular probe involving a bended flex circuit with 
connections to a multiplexer and cable [233]. 

 



Micro System Technologies for Implantable Applications 36 

2.2.5 Micro Opto Electro Mechanical Systems (MOEMS) 
Endoscopes are used to visualize the interior of a hollow organ 

or to provide vision during minimally invasive surgery. 
Endoscopy started with the use of rigid tubes with fixed lenses 
until the 1970’s. Multicore fibre optics enabled flexible 
endoscopes in the 1980’s [4]. Further miniaturization led to the 
development of endoscopes with a video camera at the distal end 
[241]. Microsystem technology can further enhance the 
functionality of next generation endoscopes. Examples are a 
diagnostic endo laser scanner with optical components realized 
using lithographic methods and microscanning mirrors to avoid 
the spectral limitations of conventional image guides [242], a 
miniature endoscopic confocal optical scanning microscope with 
a scanning head including an electrostatic 2D MEMS scanner 
[243] and an optical coherence tomography endoscope based on a 
microelectromechanical mirror [244]. 

Endoscopy can be uncomfortable for the patient, has to be done 
in the hospital and does not allow optimal view in difficult areas 
of the anatomy. A capsule endoscope attempts to address these 
limitations. Two examples of capsule endoscopes are a camera 
pill containing an optical lens, CMOS imager, battery and radio 
transmitter that travels through the GIT while sending video 
images out and an intracorporeal videoprobe that uses a CMOS 
camera and micro mechanical tilting mechanism. [245,246,247]. 

A glucose sensor for implantation in the subcutaneous tissue of 
the human body is being investigated. The optical characteristics 
of glucose in the near infrared spectrum are used for 
concentration measurement by absorbance of fluid in a micro 
fabricated chamber [248]. Finally there is a miniature 
implantable telescope with two glass fabricated micro lenses that 
can project a magnified image over a large area of the retina 
[249,250]. 
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2.2.6 Other Micro System Devices for Implantable 
Applications 

Micro actuators are used for making smart catheters for 
minimally invasive (transvascular) procedures. They involve the 
use of 3D lithography, electronics and shape memory[251]; 
distributed microactuators made of shape memory alloys[26,252] 
and a catheter that can be heated locally via distributed electrical 
contacts [253]. 

Micro machined cutting tools have sharper edges then 
conventional needles and can be combined with ultrasonic energy 
or sensors [254,255]. They can be used when very fine and precise 
surgery is needed, for example in ophthalmology[254,256]. One 
device consists of two silicon ultrasonic horns bonded with a 
channel along the length to form a needle [254]. Later devices are 
silicon needles with integrated piezoresistive pressure sensors 
fabricated using bulk micromachining technology and bonded 
PZT-4 plates for ultrasonic energy [255,256]. 

Nano or micro structured surface topologies may provoke a 
desired tissue response in urological, cardiological or 
orthopedical implants [257,258,259]. Likewise, nano reinforced 
materials might have suitable properties for neural or orthopaedic 
prosthetic devices [260]. 

A subset of micro fabricated scaffolds used for tissue 
engineering is made implantable by using biodegradable 
material. Several types of polymers have been described. Closed 
micro fluidic channels at the capillary size-scale have been 
manufactured of poly-lactic-co-glycolic acid using a micro 
molding process. The process is high resolution, fast, 
inexpensive, reproducible, and scalable [261]. Likewise, 
microstructures with simple fluidic channels have been 
fabricated of poly-(ε-caprolactone-dl-lactide) tetraacrylate using 
a fast and flexible soft-lithography process. Microstructures 
down to 50µm suitable for liver reconstructs were fabricated 
[262]. Polyglycerol sebacate is another biocompatible and 
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biodegradable elastomer that can be used as a material for 
fabricating microfluidic vascular scaffolds or nerve guides. Three 
dimensional structures are created from this material by a 
micromolding process in combination with multilayer bonding. 
Controlling the cellular microenvironment (concentration of 
oxygen, fluid shear forces) within scaffolds is critical for eliciting 
desirable biological responses such as proliferation, migration, 
and maturation. The scaffold is suitable for incorporating 
multiple cell types and integration with existing biomaterial 
systems and technologies for tissue-specific applications [263]. 
There is one company that uses nanostructured porous silicon as 
a biodegradable material, which can be easily micromachined in 
the form of scaffolds [264]. 

A system for continuous glucose monitoring during dialysis 
involves a microneedle array to sample interstitial fluid and an 
electrochemical enzyme-based glucose sensor. The microneedles 
contain an integrated porous polysilicon dialysis membrane that 
separates the interstitial fluid from dialysis fluid, which is 
pumped through the microneedles. Glucose can diffuse through 
this membrane into the system. The glucose sensor involved in 
this system is an integrated enzyme-based microsystem 
fabricated on wafer-level using in-device immobilization which 
is located outside the body [265]. 

2.2.7 Summary of Implantable Microsystems 
In the previous sections, a wide range of microsystems for 

implantable applications has been presented with a focus on its 
micro part. As a first observation it can be stated that a large 
range of microsystems is being used or investigated. A variety of 
sensors, numerous micro electrodes, drug delivery devices, micro 
machined ultrasound transducers, MOEMS, micro actuators, 
surgical tools and micro surface topology have been presented 
(see Figure 2.1). 
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Figure 2.1 Micro System Technologies for implantable applications. Electrical 
means MST for electrical stimulation and sensing and includes micro 
stimulators. Sensors: P = Pressure, A = Acceleration, Fl = Flow, AC = AC 
conductance, M = Magnetic, S = Strain, Fo = Force, M = Multiple, V = 
Viscosity. Other is the collection of other types of MST. MOEMS = Micro 
Opto Electro Mechanical System. 

 
To further analyze the information each “end item” has been 

classified on a number of aspects. End item is meant to identify 
the total ‘product’. This term is introduced because the micro 
system is frequently just a part of a product. ‘Product’ is between 
‘quotes’ because the end item can have various states of 
development (see below). 
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End items are categorized by: 
• MST class and -part 

o Class according to paragraph headings used in this 
section (E = Electrical, S = Sensor, D = Drug 
delivery, M = MOEMS, U = Ultrasound, O = 
Other) 

o Part to further specify detail per class 
• Duration of implant 

o Transient (< 1 day, TR); Temporary (1 day < 
duration < 30 days, TE); Chronic (> 30 days, CH) 

• Type of organization 
o Academic (A);Commercial (C) 

• Status of end item 
o Idea (ID); Proto (OTO); Animal (AN); Clinical 

(CL); Product (ODU) 
• Clinical Field 

o Animal (An), Auditory (Aud), Cardiology (Car), 
Dentology (Dent), Drugdelivery (Drug), 
Endocrinology (Endo), Fetal (Fetal), 
Gastroenterology (Gastro), Neurology (Neuro), 
Oncology (Onco), Ophthalmology (Oph), 
Orthopedics (Orth), Surgery (Surg), Tissue 
Engineering (Tis), Urology (Uro) and Various 
(Var) 

• Activity 
o Active (A) if publication or webpage update in 

year 2000 or later, Passive (P) otherwise. 
 
Classification is based on the references mentioned in this 

chapter; fields are filled out as unknown if it is not clear how to 
classify based on the available information. As with every 
classification, there is never a perfect match for all, therefore 
there is always a category “Other”. There are many examples of 
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end items that are being realized in the context of government 
funded programs. An end item is classified as commercial if 
there is an industrial partner driving the application and as 
academic otherwise. Besides the classifications, the name of the 
end item, name of the organization, reference to internet address 
and year/author of oldest and most recent paper are given. Note 
that only a couple of implantable micro-fabricated parts 
contained in a “classic” hermetically sealed metal casing are 
mentioned. An overview is given in Table 2.2. 
 
Table 2.2 (page 42-46) Overview of end items with classification and 
additional information. End Item refers to the total product. Organization is 
the main organization that is driving the development. Part is an abbreviated 
indication of the actual microsystem part of the end item. In this column AC 
Cond = alternating current conductance, CMUT = capacitive micromachined 
ultrasound transducer, PZT = lead zirconium titanate and the remaining 
abbreviations should be self apparent. Dur. is the duration of implant 
(Transient (< 1 day, TR); Temporary (1 day < duration < 30 days, TE); 
Chronic (> 30 days, CH)). Type is the type of organization (Academic 
(A);Commercial (C)). Stat. is the development status of the end item (Idea 
(ID); Proto (OTO); Animal (AN); Clinical (CL); Product (ODU)). Clin. is the 
clinical field of application (Animal (An), Auditory (Aud), Cardiology (Car), 
Dentology (Dent), Drugdelivery (Drug), Endocrinology (Endo), Fetal, 
Gastroenterology (Gastro), Neurology (Neuro), Oncology (Onco), 
Ophthalmology (Oph), Orthopedics (Orth), Surgery (Surg), Tissue 
Engineering (Tis), Urology (Uro) and Various (Var)). Act. is the activity 
(Active (A) if most recent reference published in year 2000 or later or internet, 
Passive (P) otherwise). Then the publishing year and first author of the most 
recent reference followed by the publishing year and first author of the oldest 
reference (if applicable). Full reference can be found in the reference list of 
this chapter. The final column contains a reference to the internet. Rows are 
first ordered per MST class Sensors; Electrical Stimulation and Sensing; 
Micromachined drug and gene delivery devices; micromachined ultrasound 
transducers; micro opto electro mechanical systems and other micro system 
devices for implantable applications that correspond to the major sub sections 
in this section. Rows are then ordered alphabetically on Part, Activity and 
Duration. 
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Although there are more then 140 micro systems for 

implantable applications listed in Table 2.2 it is not claimed that 
this overview is complete. Nevertheless some observations will 
be based on this data. In Figure 2.2 and Figure 2.3, the 
distributions of the publication dates of the references that have 
been included in Table 2.2 are examined. Thirty-three percent 
(15 of 45) of the end items with both most recent and oldest 
reference originate from the year 2000 or later. Thirty-two 
percent of the end items have both a most recent and oldest 
reference. Table 2.3-Table 2.6 provide various ways of ordering 
the data using the classification scheme. Further commenting on 
the numbers is done in the table captions. 
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Figure 2.2 Number of references per year of publication for all end items 
mentioned in Table 2.2. Purple bars are the most recent publications. Yellow 
are the oldest publications (*excluding end items that only have a most recent 
reference). Internet references are placed in a separate category since no 
additional investigations into the publishing date was done. 
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Figure 2.3 Difference between most recent and oldest reference as function of 
most recent reference year (only those references that have most recent and 
oldest reference). The small numbers next to a data point (number is placed at 
upper right corner of data point) indicate doubles or triple. End items below or 
on the purple line are from the year 2000 or more recent. End items above the 
purple line are from 1999 or earlier. In formula Diff = Yrec – Yco, were Diff 
is the difference between oldest and most recent, Yrec is the most recent year 
of publication and Yco is the desired ‘cut off’ year. In this case Yco = 2000. 
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Table 2.3 Number of end items as a function of Duration of implant (Transient 
(< 1 day, TR); Temporary (1 day < duration < 30 days, TE); Chronic (> 30 
days, CH)); as function of Status of development of the end item (Idea (ID); 
Proto (OTO); Animal (AN); Clinical (CL); Product (ODU)); as function of 
Activity (Active (A) if most recent reference published in year 2000 or later or 
internet, Passive (P) otherwise) and as function of the Type of organization 
(Academic (A);Commercial (C)). There are 142 end items in total (1) of 
which 105 are active (2) and 70 are commercial (6). The majority of passive 
end items (25 of 37) have a status of prototype or animal research and are 
created by academic type of organizations. From the 105 active end items 18 
(13% of total number of end items) are classified as product (3) all made by 
commercial type of organizations, as is to be expected for products. Note also 
that from these 18 products, there are only 2 for chronic use. There is still 
considerable potential for chronic implantable micro system products to come, 
judged by the number of end items in clinical, animal and proto phase in this 
category (4). However the path from academic research to commercialization, 
clinical trials and market introduction of chronically implantable products is 
long (more then 12 to 13 years) as indicated by the average year of first 
publication of end items that are still in the animal or clinical phase (5). 
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Table 2.4 Classical technology-market matrix with MST Class on the vertical 
axis and Clinical Field on the horizontal axis (Animal (An), Auditory (Aud), 
Cardiology (Car), Dentology (Dent), Drugdelivery (Drug), Endocrinology 
(Endo), Fetal, Gastroenterology (Gastro), Neurology (Neuro), Oncology 
(Onco), Ophthalmology (Oph), Orthopedics (Orth), Surgery (Surg), Tissue 
Engineering (Tis), Urology (Uro) and Various (Var)). The table entries are the 
number of end items. The major technology market combinations are Sensors 
for Cardiovascular, Drug Delivery for Drug Delivery and Electrodes for 
Neurology and Ophthalmology. Together these form 51% of all end items. 
Sensors for Cardiovascular are further detailed in Table 2.5 and Electrodes for 
Neurology are further detailed in Table 2.6. 
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Table 2.5 Sensors for cardiovascular application as function of status and 
duration for all types of organizations (academic and commercial) and 
activities (active and passive). On the vertical axis the type of sensor is 
classified. On the horizontal axis the status of development (Idea (ID); Proto 
(OTO); Animal (AN); Clinical (CL); Product (ODU)) and the duration of 
implant (1 day < duration < 30 days, TE); Chronic (> 30 days, CH)) are 
classified. The table entries are the number of end items. From this table it can 
be seen that the majority of cardiovascular pressure sensors are pressure 
sensors (20 of 28). A relatively large portion of the pressure sensors are 
product (7 of 20, or 35%). Most of these cardiovascular pressure sensors 
products are for transient use (5 of 7, or 71%). 

 

 
 

Table 2.6 Electrical Stimulation and Sensing for neurological applications 
(involving implantable Microsystems) as a function of status and duration for 
all types (academic and commercial) and activities (active and passive). On 
the vertical axis the main MST Part of the end item is classified. On the 
horizontal axis the status of development (Idea (ID); Proto (OTO); Animal 
(AN); Clinical (CL); Product (ODU)) and the duration of implant (1 day < 
duration < 30 days, TE); Chronic (> 30 days, CH)) are classified. The table 
entries are the numbers of end items. From this table it can be seen that there 
is just one product (considered to be an implantable micro system) in the 
neurological area. It can also be seen that all applications are for chronic use 
and that the majority has to do with micro fabricated electrodes (14 of 21, or 
67%). 
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2.3 Overview of basic technological building blocks 

In this section the information will be restructured in the form 
of the underlying technical blocks needed to produce the end 
items. 

 
• Processing 
• Packaging 
• Communication 
• Power 
• Materials 

 
To treat these building blocks in detail would take a separate 

review for each of them. Therefore, the aim of this section is to 
provide a general overview of what type of technologies are 
used, regardless of the classification as presented above. Figure 
2.4 provides a schematic representation of an implantable 
system. 
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Figure 2.4 Schematic representation of technological aspects of an 
implantable (micro) system. 

2.3.1 Processing 
In this section micro fabrication processes that form the basic 

manufacturing technologies used to produce the end items 
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reviewed in this chapter are briefly described. Surface micro 
machining involving thin layer deposition, sacrificial layer 
etching, photolithographic patterning and etching are used. 
Processes compatible with CMOS allow integration with 
electronic circuitry. Bulk micro machining involving both dry 
and wet etching of silicon, and stacking of wafers is shown. 
Some devices use soft materials made using polymer micro 
machining technologies like micro molding or hot embossing. 
Laser micro machining is used to drill holes or cut material. 
Sometimes ‘non traditional’ fabrication processes coming from 
disciplines like chemistry or biology are used for example for 
amperometric sensors or coatings. Many of the papers referenced 
in this review contain details of the micro processing steps used 
to manufacture the design. A number of introductory texts on 
micro fabrication technologies exist, for example [31,266,267]. 

2.3.2 Packaging 
This section is dealing with the packaging for implantable 

applications. The body is (fortunately) a very hostile 
environment for foreign bodies that enter it, due to our active 
immune system. Delicate parts of micro systems are therefore 
often protected by a hermetic package, traditionally a metal 
casing. Electrical communication with the outside of a hermetic 
cavity is possible by means of hermetic feedthroughs. Electrical 
conductors and interconnections outside a hermetic cavity will 
have to be biostable. Coatings used to improve the properties of 
the implant can be seen as a special way of packaging. 

2.3.2.1 Hermetic protection, electrical -feedthrough, -
interconnect and -conductors 

The focus is on presenting the examples found in literature of 
electrical interconnects outside an hermetic cavity (if there is 
one) and on how electrical signals are fed into the hermetic 
cavity (feedthroughs) assuming that once inside the hermetic 
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cavity packaging can be achieved. First it is described how 
hermitic protection is realized. 

Hermetic housings are traditionally made of titanium, tantalum, 
niobium [268] or stainless steel. Micro machined ceramic 
packages [204] [205] [92] [95] [94] glass sealed packages [127] 
and polymer encapsulations[116,126] are also used. One package 
uses a glass silicon anodic bond which has a mean time to failure 
of 177 years at 37°C, estimated from saline soak 
tests[193,194,195,196]. 

Glass to metal seals made of sodium free borosilicate glass are 
used for feedthroughs [268]. Interconnection techniques used in 
the semiconductor packaging and assembly industry are also 
used for manufacturing implantable devices[239,233,238]. Flip 
chip is frequently used [10] [11,98] with Au-Au thermo 
compression bonding [269] on a flex circuit [34,145,43] or on 
top of a MEMS chip [175]. Wirebonding on flex with globtop 
[36] or on printed circuit board (PCB) with two component glue 
for isolation [99,100,270] has also been applied. A hybrid 
interconnect technique based on ball wedge bonding that 
survives 4 years in saline solution and 10 months implantation in 
rats has been developed [271,17,10,131]. A three dimensional 
chip scale package based on ultra violet (UV) curable polymer 
with integrated conductors is under investigation [272]. 
Conductive glue has also been proposed [74]. 

In general, DC potential on conductors should be avoided [20] 
or conductors should be hermetically sealed [268], because of the 
risk of failure due to electrochemical corrosion or the creation of 
conductive pathways when salt crystals form (dendrite growth). 
To minimize this risk, metal parts should not differ in 
electrochemical contact voltage, alloys are to be avoided and 
welding is preferred [268]. Corrosion products should have low 
solvability and corrosion should be controlled also by the shape 
of the design [4]. One concept uses liquid crystal polymer films 
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with metal traces on top of it [273] and another one silicon ribon 
cables [209]. 

2.3.2.2 Coatings 
Coatings are used to improve the interface of the implant with 

the body organs [274]. Criteria for an excellent coating are edge 
covering, peel resistance and integrity of the regular coating film 
[37]. Polymer is the most common coating material with silicone 
rubber probably being number one [275,56,90,37,276] 
[11,34,45,275]. The implant can be completely injection molded 
in this substrate [90]. Other polymer coatings are parylene [74] 
[131]; epoxy [10] or others [192,277]. Electrografting yields 
highly covering, highly versatile polymer coatings especially on 
complex shapes [278]. A polymer coating can also be used to 
promote cell growth [127] [19]. 

Other coating materials are metal coatings [279], 
ultrananocrystalline diamond prepared by plasma chemical vapor 
deposition [280], calcium phosphate deposited by pulsed laser 
ablation[281] or hydroxyapatite (HA)-TiO2 created by micro-arc 
oxidation of a predeposited HA layer on titanium[282]. This last 
one is primarily used to improve osseointegration of the implant 
with hard tissue (bone). Surface (topology) modifications can 
also provoke the desired response of the body [283,1].  

2.3.3 Power 
For implantable products that have physical connection to the 

outside world, power consumption is generally not a problem 
since an “unlimited” supply can be accessed. Autonomous 
implants that operate on a primary battery need to have sufficient 
longevity. Especially for chronic implants this places an 
important requirement on the power consumption of the device. 
Since device functions are steadily progressing and since size 
should be kept as small as possible, much development effort has 
been invested in implantable batteries. Recently, implantable 
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devices with rechargeable batteries [284,285] were introduced. 
The examples that will be briefly presented in this section are 
ongoing (long term) developments aiming at autonomous power 
and concepts in which energy is provided from the outside. 

Inductive coupling uses changing electro magnetic fields 
outside the body that are picked up by an implant inside the 
body[11,34]. Pick up coils can be micro machined on chip 
[43,36] or on flex[276]. The coupling range is limited [10]. To 
overcome this problem, a distributed implant system connected 
via cables powered via a central coil that is close under the skin 
has been proposed [13]. Efficiency can also be improved by a 
self-tuning system [286,287]. 

Autonomous power could be delivered by electrostatic 
conversion of mechanical vibrations. A capacitance change due 
to external vibrations causes current to flow and has generated 
0.2uW [288]. Thousands of thermocouples on chip have been 
developed for an implantable biothermal battery [289]. The use 
of ultrasound at 1.7 Mhz with PZT discs has been described in 
[290]. Implantable bio fuel cells are also being investigated [291]. 
Other concepts use solar energy or pressure variations[292]. 

2.3.4 Communication 
Most of the time, communication with the implantable device 

is desirable to either receive data concerning the device status or 
patient condition or to send data to the device to (re)program it. 
Most of the time this is done using an inductive link, which is 
sometimes also used for transmitting power (see 2.3.3) 
[127,19,98,173,277]. Advances in RF engineering have enabled 
detection from deep within the lossy medium of the body [86]. 
Thick magnetic materials on silicon support higher magnetic flux 
for higher power density and longer coupling distance [293]. 

Entirely passive circuits that can be wirelessly probed to detect 
a property that changes value in response to for example flow 
have been described [74]. Others describe a special protocol 
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which enables both powering and signal transfer to be done via 
two leads only [207]. An optical telemetry link to transmit data to 
an external controller is also an option [202]. 

2.3.5 Materials 
The choice of materials for implantable applications is limited 

by both biostability and biocompatibility requirements. 
Biostability means that the material must withstand the attacks of 
the body. Biocompatibility means that the material must not 
cause any unwanted reactions by the body. A list of 
biocompatible and biostable materials does not exist, since the 
mechanisms involved depend on many details, like material 
processing, shape, finish, post treatment and impurities but also 
on the place and duration of use. Nevertheless it makes sense to 
present the various materials that have been described in the 
literature on implantable microsystems. The materials include 
silicon[154,18,7], silicon dioxide [154,18,133,51], silicon 
nitride[18,133,51], silicon carbide [294], titanium nitride [154], 
poly-silicon[193,194,195,196], parylene [74,131], epoxy 
[74,10,131], polyimide [17,131,13,10,3], polyester [3], silicon 
rubber [9,131,3], gold [131], platinum [131,20,25], iridium 
[131,20,25], titanium [18,3,7], tantalum [133], stainless steel [74] 
and shape memory alloys [3]. 

While it is beyond the scope of this section to fully discuss 
material properties and issues here, the material aspects relating 
to their use in implantable applications will be briefly described. 
Silicon can be made in very pure form which is good for high 
reliability applications of silicon micro mechanical systems due 
to stable mechanical properties. Apart from material properties 
this has to do with the highly developed infrastructure related to 
silicon micro fabrication processes. In addition silicon is the 
dominant material for IC manufacturing, offering the opportunity 
for MEMS IC integration, often leading to superior 
characteristics. Silicon carbide for example is ideal for 
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application in harsh environments (like the human body) because 
of its high chemical resistance. Silicon dioxide is a very effective 
insulator and is often used in combination with silicon nitride for 
its ability to prevent impurity diffusion and ionic contamination. 
Many of the metals described are used as electrical interface to 
the body; see section 2.2.2 for a brief discussion. Titanium is the 
preferred material for hermetic housings of chronically 
implantable devices because it is in the passive region of the 
electrochemical anodic polarization curve (it forms an oxide so 
fast that it protects the metal from further corrosion). The same is 
true for stainless steel which is commonly used as conductor in 
non hermetic environments for chronic implantable applications. 
Polymers are soft and flexible which minimizes the chance of 
damage to the body and they are advantageous for applications in 
which the device has to be able to adapt to the shape of the 
human anatomy. Polyimide is often used because of its low 
moisture uptake and because of its well developed fabrication 
processes. 

2.4 Implantable Microsystems: a case study 

Since a general and broad overview is per definition very 
general and broad, one small case study which shows in more 
detail the successful role that micro systems can play in a clinical 
setting is presented. This case study is presented in the form of 1) 
What is the physiology of the clinical condition and how can it 
be treated and 2) How do microsystems play a role (historical 
perspective and outlook). Sick Sinus Syndrome is selected 
because this is a disease which uses implantable micro systems 
as therapy of choice. 

2.4.1 Sick Sinus Syndrome 
During exercise the metabolic need of the body rises. Part of 

this increased need can be met by upregulating the supply of 

 



Micro System Technologies for Implantable Applications 59 

oxygen. This is done by increasing cardiac output (CO, amount 
of blood that is pumped through the circulation expressed in 
liters per minute) and/or the amount of oxygen that is taken from 
the arterial blood. The cardiac output is the product of heart rate 
(HR) and stroke volume (SV, volume of blood pumped per 
heartbeat) that both can be increased. In total the body has the 
ability to increase the oxygen supply by a factor of 
approximately twenty compared to the resting state (HR x3.3; SV 
x1.7 and Oxygen uptake x3.5). 

Heart rate is determined by the sinus node. The cardiac cells in 
the sinus node function as a natural pacemaker, initiating an 
electrical activation wave that is conducted over the heart and 
results in contraction of the heart muscle. While other heart cells 
have a constant membrane potential as a function of time when at 
rest, the cells in the sinus node depolarize spontaneously at a 
certain rate, until a threshold voltage is reached that triggers the 
rapid depolarization of the cell that initiates an action potential. 
The depolarization rate of the sinus cells (and thus the heart rate) 
is regulated by adrenaline and under direct control by the nervous 
system. 

People with Sick Sinus Syndrome have a degenerated sinus 
node that no longer responds properly to the control mechanisms 
that dictate its depolarization rate. That is, the heart beats at an 
inappropriately low rate. Therefore these people are limited in 
the amount of exercise they can perform since they only have 
change in stroke volume and oxygen uptake left to adapt the 
oxygen supply. 

2.4.2 Implantable Microsystems for Sick Sinus Syndrome 
Electrical stimulation by an implanted electrode in contact with 

heart cells can also initiate electrical activation followed by 
mechanical contraction. Therefore, sick sinus syndrome can be 
well treated with an implantable pulse generator (IPG) if there is 
a way to determine at which rate it must pace. The literature of 
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rate adaptive pacing starts around 1978. Until that time there 
were only fixed rate pacemakers that started in 1958 with the 
first fully implantable battery operated fixed rate pacemaker 
[295]. Of course, in patients requiring a pacemaker because of 
atrio-ventricular block who have maintained normal sinus node 
function, the natural atrial rate, originating in the sinus node, is 
the best initiator of the optimal ventricular pacing rate. Several 
ways have been described to control heart rate in patients with 
sick sinus syndrome based on measuring a property that is a 
measure for the actual metabolic need. Examples are the QT 
interval in the cardiac electrogram [296], the pH [297]; oxygen 
saturation [298,299]; activity [103,300]; right ventricular 
pressure [80]; respiratory frequency [301] and temperature [302]. 
Oxygen saturation is sensed on the basis of colorimetric 
principles. The sensor contains a light sensitive photo diode that 
detects reflected light alternatively emitted from an infrared (IR)- 
or red (R)-LED also contained in the sensor. Each LED emits 
until a predefined amount of light energy is collected by the 
photo diode. The oxygen saturation is calculated from the ratio 
between the two ON times and two calibration constants that 
come with the sensor [299]. The first tests have been performed 
with an external system [298]. Patient activity causes pressure 
waves in the body that result in bending of the metal shield of the 
implanted device. A piezo electric sensor mounted on the inside 
of the shield transforms this bending into an electrical signal and 
together with appropriate algorithms can be used for rate 
response [103]. First experiments with pressure sensors were 
using an externally closed loop. A signal proportional to the rate 
of change of the right ventricular pressure (dP/dt) was generated 
by a piezoelectric bender sensor positioned on the inside of a 
deformable portion of a hermetically sealed capsule located on 
the distal end of a lead [80]. Temperature is measured with a 
thermistor incorporated in the tip of a lead [302]. In the end, most 
modern pacemakers today use acceleration sensors for rate 
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control because they are relatively simple (it does not have to 
interface with the outside) and because they can provide 
appropriate rate response. These sensors are typically micro 
machined accelerometers, present in the majority of the about 
500,000 pacemakers that are implanted worldwide each year. 

There is some room to improve the exercise performance of 
patients with sick sinus syndrome by finding more advanced 
ways to control the heart rate for maximum metabolic demand, 
but the impact on daily life would not be very great. The main 
emphasis of developments that are building on the use of sensors 
as described above is in other areas then heart rate control. It is in 
automatic programming of devices and expanding it to other 
clinical areas like detection of unstable arrhythmias[303] or heart 
failure management[79]. 

2.5 Discussion 

This section highlights the perspectives and challenges of 
microsystems related to the areas reviewed. Power consumption, 
size, sensitivity, specificity, accuracy and stability are important 
design parameters for most implantable applications of sensors. 
Since many sensors have to interface to the environment in order 
to function, and since the body is an active system trying to 
control this interface, achieving the requirements on these 
aspects is often challenging especially for chronic implantation. 
The clinical advantages are driving the efforts aimed at 
overcoming these challenges: relevant information is made 
available on a continuous basis, quality of life can be increased, 
patient compliance is guaranteed, diagnosis is quantified or even 
enabled (no prior means to perform the diagnosis), therapy is 
improved for example by adapting the therapy according to the 
sensors input (close loop system), disease status can be 
continuously monitored, implantation procedure can be 
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facilitated and sensors based on implantable microsystem have 
improved performance compared to existing technology.  

Micro electrodes made using IC like fabrication technologies 
offer the advantage of exact electrode positions, small size, 
multiple electrodes, improved electrode tissue interface and 
active circuitry. Main challenges are in optimizing the charge 
transfer properties needed for electrical stimulation in 
combination with electrochemical properties that lead to long 
term stability. For wireless applications the transmission speed is 
sometimes a limitation. Flexible electrodes offer advantages 
compared to the (generally) more rigid silicon structures in 
certain applications. Micro electrodes can provide improved 
therapy due to the ability to better target electrical stimulation 
energy to a specific region. It can be more challenging to 
determine which region this is then to provide the hardware to do 
it. 

Important design characteristics for delivery of substances to the 
body are accuracy, resolution, safety and control which can be 
realized by micro machined components with order of magnitude 
improvements compared to conventional technology. Transdermal 
gene delivery using micro fabricated structures is more efficient 
than single injection and particle-mediated gene transfer. The use 
of microneedles designed to penetrate diffusion barriers for DNA 
material lead to a more effective delivery. Miniaturized imaging 
tools enabled by micro machined components are used in minimal 
access surgery which greatly reduces the impact of the treatment 
to the patient and allows improved diagnosis on the basis of 
superior or completely new images. Micro actuators are being 
developed for making smart catheters to expand the applicability 
of minimally invasive (transvascular) procedures. Smart micro 
machined cutting tools with sharper edges then conventional 
needles could be used when very fine and precise surgery is 
needed. Tissue response to implants can be modified by surface 
topology in the micrometer range and high resolution, fast, 
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inexpensive, reproducible and scalable micro fabricated 
biodegradable scaffolds are being investigated for in vivo tissue 
engineering of capillary structures or liver reconstructs. 

In general, the perspectives that microsystems for implantable 
applications have to offer are low cost, small size, low weight, 
high reliability, low power and superior functionality or 
performance. Micro systems can be combined with 
biotechnology and molecular biology. The reliability 
requirements are at the same time also a challenge, since new 
technologies generally present new failure mechanisms. The 
realization of low cost can also be difficult in practice due to the 
lack of real mass volumes (in the order of millions) in many 
implantable applications. Other challenges include long 
development times, packaging and bio-compatibility and -
stability. Success factors of new products depend on more then 
technical characteristics alone. 

2.6 Summary 

A general and broad overview of micro systems for 
implantable applications as found in literature has been provided. 
The focus has been on implantable micro-fabricated parts not 
contained in “classic” hermetically sealed metal casings, 
including transient and temporary use. Although this chapter lists 
more then 140 examples, it is not claimed that this overview is 
complete. As a first observation it is stated that a large range of 
microsystems is being used or investigated. Sensors, micro 
electrodes, drug and gene delivery devices, micro machined 
ultrasound transducers, MOEMS, micro actuators, surgical tools, 
micro surface topology, micro fabricated bio degradable 
scaffolds and others have been presented. These micro systems 
find application in a wide range of clinical areas including 
cardiology, neurology, ophthalmology, orthopedics, drug 
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delivery (for various clinical areas), surgery, endocrinology, 
tissue engineering etcetera. 

To further analyze the information, a classification scheme has 
been introduced consisting of MST-class and –part, duration of 
implant, type of organization, status of end item, clinical field 
and activity. Besides the classifications, name of the end item, 
name of the organization, reference to internet address and 
year/author of oldest and most recent paper are given. 
Classification is based on the information available to the 
authors. There are 105 active and 70 commercial end items from 
a total of 142. The majority of the 37 passive end items (25 of 
37) are prototypes or animal research devices created by 
academic organizations. From the 105 active end items, 18 (13% 
of total number of end items) are classified as products, all made 
by commercial organizations. Note also that from these 18 
products, there are only 2 for chronic use. There is still 
considerable potential for permanent implantable micro system 
products to come, judged by the number of end items in clinical- 
(17), animal- (13) and proto- (20) phase in this category. The 
path from academic research to commercialization, clinical trials 
and market introduction of permanently implantable products is 
long, however, as indicated by the average year of first 
publication of end items that are still in the animal- (1994, n=7) 
or clinical- (1993, n=11) phase. The major technology-market 
combinations are Sensors for Cardiovascular, Drug Delivery for 
Drug Delivery and Electrodes for Neurology and 
Ophthalmology. Together these form 51% of all end items. The 
majority of sensors are pressure sensors and there is just one 
product (considered to be an implantable micro system) in the 
neurological area. 

A general overview of packaging, communication, power and 
materials -the major underlying technical blocks needed to 
produce end items- has been provided regardless of the 
classification. Hermetic housings are traditionally made from 
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titanium, tantalum or niobium. Micro machined ceramic 
packages, glass sealed packages and polymer encapsulations are 
also used. Glass to metal seals are used for feedthroughs. 
Interconnection techniques like flip chip, wirebonding or 
conductive epoxy as used in the semiconductor packaging and 
assembly industry are also applied for manufacturing implantable 
devices. Coatings are used to improve the interface of the 
implant with the body organs with polymers or metal as coating 
material. Longevity for chronic implants not connected by wires 
to the outside places an important requirement on the power 
consumption of the device. Since device functions are steadily 
progressing and size should be kept as small as possible, much 
development effort is put in implantable batteries. As an 
alternative, rechargeable batteries were introduced or concepts in 
which energy is provided from the outside based on inductive 
coupling. Long term developments aiming at autonomous power 
are for example based on electrostatic conversion of mechanical 
vibrations. Most of the time, communication with the 
implantable device is desirable to either receive data concerning 
the device status or patient condition or to send data to the device 
to (re)program it. This is usually done through an inductive link 
although optical means also have been reported. Entirely passive 
circuits that can be wirelessly probed to communicate 
information from inside to outside the body have been described. 
The choice of materials for implantable applications is limited by 
both biostability and biocompatibility requirements. A list of 
biocompatible and biostable materials does not exist, since the 
mechanisms involved depend on many details, like material 
processing, shape, finish, post treatment and impurities but also 
on the place and duration of use. There is a large range of 
materials commonly used in micro fabrication used for 
implantable microsystems including silicon, polymers and 
metals. 
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3 Laterally Moving Bi-Stable MEMS DC-
Switch 

This chapter will describe the design of a bi-stable micro 
electro-mechanical switch for an implantable lead electrode 
multiplexer application. Fabrication is based on a single mask 
process. State changes require an 18V pulse to the actuators 
consuming only 0.2nJ energy. The switch does not consume any 
energy in either the ON or the OFF state. Total chip size 
including bond pads is approximately 1.5mm x 1.5mm. The 
initial contact resistance is below 5Ω with a contact force in the 
order of 10µN. The contact resistance stays consistently below 
30Ω for the first 40000 cycles. Breakdown voltage between the 
two contact members in OFF state is 300V. 

3.1 Introduction 

In many fields of medicine, delivering electrical pulses to the 
body via a chronically implanted electrode connected to an 
implantable pulse generator (IPG) via a lead can restore a 
patient’s health. The ability to select electrodes from a plurality 
of possibilities non-invasively enhances the patient’s therapy 
since the stimulation site can be adapted to changes that may 
occur during his/her lifetime. In addition the implanting 
procedure is facilitated because the lead position is less critical, 
which is advantageous for both the patient and the physician. A 
dedicated connection from each electrode to the IPG requires 
bulky connector blocks on the IPG, thick leads and adaptations 
of the circuitry in the IPG itself. 

This chapter has been published for the most part in the Journal of 
Microelectromechanical Systems authored by R.A.M. Receveur, C.R. Marxer, 
R. Woering, V.C.M.H. Larik and N.F. de Rooij [23] 
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The lead proposed here has a bi-polar Industry Standard (IS-1) 
connector on the proximal side that plugs in to any IPG and 
multiplexer functionality to allow addressing of multiple 
electrodes on the distal side (Figure 3.1). Apart from control 
logic, interconnects and possibly power, some form of switching 
is needed to enable the multiplexing functionality. The focus will 
be on the switches only in this chapter. 

 

STIM LEADIS-1 
CONNECTOR

IN-LINE 
CONNECTOR (8)

SMART LEADIPG STIM LEADIS-1 
CONNECTOR

IN-LINE 
CONNECTOR (8)

SMART LEADIPG

 
Figure 3.1 Implantable Pulse Generator (IPG) with two bi-polar Industry 
Standard (IS-1) connectors. One lead is shown having a bi-polar IS-1 
connector on the proximal side and 8 electrodes on the distal side (labeled 
STIMLEAD) connected via an IN-LINE connector. The SMARTLEAD 
contains switches and communication- and control logic that allow selection 
of any (combination of) electrode(s) on the stimlead to deliver optimal 
therapy. 

A single pole single throw (SPST) switch has one signal input 
and one signal output terminal. It either transfers the signal from 
the input to the output (ON state) or it does not transfer it (OFF 
state). The switch state is controlled via a control terminal. Bi-
stable switches do not consume any energy in either the ON or 
the OFF state. Mono-stable switches are either OFF or ON in the 
absence of a control signal (normally open or normally closed 
respectively). They constantly consume energy to stay in the 
‘abnormal’ state (ON or OFF respectively). The main advantages 
of mono-stable Micro Electro Mechanical System (MEMS) 
switches over conventional solid state switches are low power 
[1,2], low contact resistance, small size and high breakdown 
voltage [2]. The additional advantage of bi-stable over mono-
stable switches is the zero energy consumption in either state, 
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providing even lower power and state retention in case of power 
failure (Table 3.1). The MEMS switch should be able to

Table 3.1 Target specifications for bi-stable MEMS switch. FET switch 
specifications are given to illustrate advantages of MEMS switch. 
 Bi-stable MEMS FET 
Size (µmxµm) <500x500 550x275 
Operating power (µW) 0 2 
Switching energy (nJ) <1 25 
Breakdown voltage (V) >300 20 
Contact resistance (Ω) <5 20 
   

 transfer 
4

 properties of these devices is given 
in Table 3.2 and Table 3.3. 

 ms pulse width electrical pulses coming from the IPG. 
There are numerous mono stable micro electro mechanical DC-

switches [3,4,5,6,7,8,9,10]. Bi-stable switches with out of plane 
movement of contact members use either a current pulse to 
change the preferential magnetization of a permalloy cantilever 
in a permanent external magnetic field [11] or a mechanical latch 
caused by a thermally actuated two segment multimorph 
cantilever [12]. Laterally moving bi-stable switches use a 
compliant structure consisting out of a central slider supported by 
double pinned arms on both sides [2] or two double pinned arms 
pushed in two possible directions by actuators on both sides [1]. 
An overview of the reported
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Table 3.2 Overview of mono stable switch properties as reported in literature 
(continued on next page). *two numbers indicate area LxB 
Institute Unit↓ Cronos Nrth.East 

Analog 
Devices 

TU Berlin IMT 

People  E.A.Hill Zavracky Schimkat Gretillat 
Principle  Rotating Beam Beam under 

internal stress 
Bridge 

Actuation  Thermal E-stat E-stat E-stat 
Reference  [10] [7] [6] [3] 
ON-resistance Ω <0.4 0.5-20  20-300 
Contact material  Au, Rh, 

Ni 
 Ro Au-Ni 

Contact force µN   1000  
Airgap µm   8 1.2 
OFF-resistance Ω >1013 >1012   
DC-breakdown V >300 >100   
Operating Voltage V 5,6,9 or 

12 
>30 12 40 

Operating Current mA 30    
Operating Power mW 150  0.002  
Switching Energy nJ     
Life #switching #  >109 >20x106  
Turn on time µs 8000   2-18 
Turn off time µs 8000   2-18 
Switching speed Hz 30 3 x105 1000 2 x104

Size (LxBxH)* mm3 1.5x3x.5 .07x.03x.
002 

1.2 mm2 .4x.4 

Operating temp. °C 40    
Transp. temp. °C 250    
Shock sensitivity g   >1000  
Signal current mA     
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Table 3.2 (continued from previous page) Overview of mono stable switch 
properties as reported in literature. *two numbers indicate area LxB 
Institute Unit↓ ASULAB Rockwell FhG-

SST 
Imec-3 
CP Clare 
CSEM 

People  F.Gueissaz R.L.Borwi
ck 

Schiele Tilmans 

Principle  Microreed  Beam Armature 
is pulled 
down 

Actuation  Magnetic Magnetic 
E-stat 

E-stat Magnetic 

Reference  [9] [8] [4] [5] 
ON-resistance Ω 2-100 2-8 10-80 0.4 
Contact material  Ro Au Au Au 
Contact force µN 30 50-300  1000 
Airgap µm 4  10-60  
OFF-resistance Ω  >100M  >1013

DC-breakdown V 75   200 
Operating Voltage V n.a 0.9-10 

(hold) 
20-100 1.9 

Operating Current mA n.a 0.9-20 
(actuate) 

50x10-6 8.4 

Operating Power mW n.a.  0.004 16 
Switching Energy nJ n.a. 11.3-480   
Life #switching # >100x106 >30x106 >106 >106

Turn on time µs  700-120 2.6-20 1000 
Turn off time µs  20 2.6-20 200 
Switching speed Hz 100 4000  >500 
Size (LxBxH)* mm3 1x.1x.02 

(2mm3 
packaged) 

.8-1.6 .3x.3 5x4 

Operating temp. °C     
Transp. temp. °C     
Shock sensitivity g 15000  >105  
Signal current mA 5 (1 

switched) 
10 1  
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Table 3.3 Overview of bi-stable switch properties as reported in literature. *two numbers 
indicate area LxB 
Institute Unit↓ ASU Berkely NJIT Ford Medtronic 
People  Ruan Kruglick Sun Gomm Receveur 
Principle  Beam in 

perm. 
magn. 
field 

Lateral 
moveme
nt with 
leverage 

Bimorph 
latching 
beam 

Pin joints Mechanic
al springs 
system 
has two 
stable 
positions 

Actuation  Magn. E-stat Thermal Thermal E-stat 
Reference  [11] [1] [12] [2] This work 
ON-resistance Ω <50m 9 2-35 49.2 5 
Contact material   Au Au  Au-Ni 
Contact force µN  10 21 23.4 25 
Airgap µm   12 33 8 
OFF-resistance Ω ?  >1012  >1013

DC-breakdown V   >400 350-360 >200 
Operating Voltage V  7-12 2.2 11 16 
Operating Current mA   5 85 2x10-4

Operating Power mW   12  0.003 
Switching Energy nJ   6200  0.2 
Life #switching #   >105  4x104

Turn on time µs   600 340 500 
Turn off time µs   600 340 200 
Switching speed Hz   300  1000 
Size (LxBxH)* mm3  .2x.2 1x.2  1.5x1.5 
Operating temp. °C      
Transp. temp. °C      
Shock sensitivity g     >107

Signal current mA  1   250 

 
In this chapter a novel design for a laterally moving bi-stable 

DC-switch is presented. The bi-stable part of the design was 
proposed by Hichwa et al to build an optical switch [13]. It has a 
central moving contact member with two stable positions. This is 
achieved by a dual spring suspension system with hinges and 
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double clamped beams as qualitatively explained in Fig. 3.2. An 
opposing contact member is contacted in the second stable 
position that closes the electrical contact. Electrostatic comb 
actuators can change the switch position. The contact is designed 
to meet the target specifications given in Table 3.1. 
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Fig. 3.2.  Schematic of the bi-stable switch, not on scale, shown in open 
position (OFF, A)) and closed position (ON, B)). x is the displacement of the 
moving parts, were x=0 is defined at the initial position of the central beam (as 
fabricated). Fx is the mechanical force exerted on the central beam by the 
double clamped beam and the hinges (C). x0 is an offset distance and xc is the 
contact distance. The central beam can be moved in positive and negative x-
direction by the electrostatic comb actuators. When the structure is moved to 
the right the double clamped beam is deflected and generates a force in lateral 
(y) direction. For displacements smaller/larger then x0 this results in an 
opposing/supporting force in longitudinal (x) direction. A quantitative 
description is given in paragraph 3.3.2. The fixed contact member is placed at 
position xc. for maximum contact force (Fc) (stable ON state). 
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In this chapter the focus is on the design and characterization of 
the electrical switch and its long-term contact properties. In 
section 3.2 the fabrication process, switch layout including 
definitions of switch parameters and experimental setup are 
given. Theoretical expressions describing switch properties in 
terms of the parameters are provided in section 3.3. Design 
choices are made in section 3.4 resulting in actual parameter 
values given in Table 3.4. The remainder of section 3.4 presents 
measurement results and a comparison with theory by applying 
the expressions to the parameter values. Finally the measured 
characteristics of the switch are summarized, it is discussed how 
well this demonstrator meets the specs and an overview of 
possible actions to improve performance is provided. 

 
Table 3.4 Typical Parameter Values 
Parameter Description Value Unit 
Bi-stable switch 
l Overlap of comb finger 20 µm 
w Width of comb finger 3 µm 
g Gap between comb fingers 2 µm 
d Tip-base distance combs 15 µm 
h Height of combs 50 µm 
Lh Total arm length of hinges 500 µm 
lh Length of hinges 100 µm 
th Thickness of hinges 3 µm 
tl Thickness double clamped beam 10 µm 
Ll Length double clamped beam 180 µm 
x0 Offset 8 µm 
xc Contact position 12 µm 
N Number of moving fingers 240 # 
Mono-stable switch (all comb actuator parameters identical to bi-stable case) 
lh Length of hinges 800 µm 
th Thickness of hinges 7 µm 
N Number of moving fingers 300 # 
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3.2 Materials and methods 

3.2.1 Fabrication Process 
The switch is fabricated out of a Silicon On Insulator (SOI) 

wafer (350µm thick carrier layer, 1µm silicon dioxide, 50µm 
device layer, SICO) using a single mask step. This wafer is 
dehydrated, treated to enhance adhesion and a 2.3µm photo resist 
layer (AZ1518) is spun on and prebaked. The mask pattern (Cr 
on glass) is transferred to the wafer using a mask aligner 
(Electronic Visions, Fig. 3.3a). The device layer is Deep 
Reactive Ion Etched (DRIE, Surface Technology Systems, Fig. 
3.3b). Settings are carefully chosen to prevent notching and 
create slightly overhanging structures restricting the contact area 
to the upper side of the device layer where maximum metal 
coverage is expected. Structures are released in 50%HF and dried 
with a sublimation technique (Fig. 3.3c). An annealed Ni/Au 
alloy with a Cr adhesion layer is used as contact material for 
minimum -contact resistance and -sticking. It was evaporated in a 
special setup, also covering the vertical sidewalls of the silicon 
structure (Fig. 3.3d). The complete wafer is dipped in photo 
resist before dicing to protect the released structures and 
individual dies are stripped afterwards. Fig. 3.4 shows a SEM 
picture of the completed switch and a detailed image of the 
contact members. 
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Fig. 3.3.  Cross section of a Silicon On Insulator (SOI) wafer during 
various stages of the fabrication process. a)after patterning of the photo 
resist with lithography b)after Deep Reactive Ion Etching of the silicon 
of the SOI device layer c) after removal of the sacrificial silicon dioxide 
layer d)after removal of the photo resists and deposition of metal. 
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Fig. 3.4. Top: SEM picture of the bi-stable switch. The structure in the 
middle in vertical direction is the central moving beam. There are three 
arms of comb actuators on either side of the beam. The micro contact 
area is marked in the little black box. Bottom: Detailed picture of the 
micro contact rotated 90 degrees counter clockwise with respect to the 
top picture. In the detailed orientation the left part is the central moving 
beam that moves to the right to contact the fixed (but flexible) opposing 
contact member to close the contact. 

 
 

3.2.2 Design 
The etch mask is drawn using the Expert system (Silvaco.com). 

The electrostatic comb actuators are shown in Fig. 3.5 and the 
mechanical spring system is shown in Fig. 3.6. A mono-stable 
test structure was also designed to better be able to study contact 
properties (Fig. 3.7). In this case the movable beam is supported 
by a linear spring. Note that two different contact-shapes, shown 
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in Fig. 3.6 and Fig. 3.7, were tried on both the bi-stable and 
mono-stable switches. The springs on the fixed contact members 
are meant to create a “soft” landing. The difference between the 
symmetric and asymmetric shape is that the latter creates a 
‘scrubbing’ motion which is expected to influence contact 
cleaning. These figures define parameters that will be used in the 
theory and results section to quantitatively describe switch 
behavior and design choices respectively. Typical values are 
given in table (Table 3.4). 
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Fig. 3.5.  Top view of electrostatic comb fingers. w is the width of the 
fingers, g is the gap between the fingers, l is the overlap of the fingers, d 
is the tip to comb base distance and h is the height of the structure (l and 
d as fabricated). The left part moves towards the mechanically fixed 
right part. 
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Fig. 3.6.  Mechanical spring system in initial position (as fabricated). tl 
is the thickness and Ll is the length of the double clamped beam. th is the 
thickness, lh is the length and Lh is the arm length of the hinges. xo is the 
offset and xc is the contact position. ts is the thickness, ws is the width 
and hs the length of the contact spring. The moving contact member 
contains a bump with radius rc. The complete structure has a height h. 
Actuators (not shown) are positioned as shown in Fig. 3.2 and designed 
as shown in Fig. 3.5. 
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Fig. 3.7.  Mono stable mechanical system in initial position (as 
fabricated). The central moving beam can move down to close the 
contact. Actuators (not shown) are positioned in a similar way as for the 
bi-stable switch and designed as shown in Fig. 3.5. The hinges with 
length l and thickness b function as springs, pulling the switch back to 
its initial position as soon as actuation force is removed. The fixed 
contact member is designed as a flexible beam and has a contact bump. 

 

3.2.3 Experimental setup 
Unpackaged MEMS chips (bare dies) are contacted using an 

Alessi Industries needle prober with microscope (Mitutuyo) 
positioned in a class 10000-controlled environment. Standard 
power supplies in combination with EMCO High Voltage 
amplifiers were used to create actuation voltage and standard 
voltage meter to measure contact voltage. 

Switches were wire bonded in ceramic packages (Kyocera, 8 
lead side brazed package) and hermetically sealed in an N2 
environment by an outside vendor (Hymec, the Netherlands) to 
allow easy operation outside the cleanroom in a controlled 
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atmosphere. On some packages glass lids were glued non-
hermetically to allow for visual inspection. 

Switch dynamics were investigated by providing periodic 
pulses of controlled duration and magnitude to the actuators 
while monitoring contact voltage on an oscilloscope (Tektronix 
TDS3014B). The voltage on the actuator was switched on and 
off using FET switches (BSS100) with the gate being controlled 
by a programmable one shot (Tektronix) triggered by a function 
generator (Yokogawa FG120, see Fig. 3.8 middle). For duration 
testing a data acquisition card with both digital and analog I/O 
capability (NI 6024E) was used to control the voltage on the 
actuators and record the contact voltage using a computer with 
Labview (Fig. 3.8 upper and lower). Contact resistance as a 
function of actuator voltage and contact current was measured 
under computer control (Labview) using the mono-stable test 
structures. The voltage on the actuators could be increased in 
small steps using a programmable high voltage source (Agilent 
6030A, via GPIB, see Fig. 3.8 upper). The current through the 
contact was also controlled via GPIB while the voltages were 
recorded as described above. 

Displacements were measured as a fraction of the contact gap 
from the monitor of the needle probe station with the microscope 
on maximum magnification. The contact gap distance was then 
replaced with the value as measured using the SEM. Structural 
dimensions were also taken from SEM measurement. EDX 
analysis is used to show material presence. Destructive tests were 
used to better assess the vertical dimensions and side wall 
properties. 
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Fig. 3.8.  Schematic drawing of the experimental set-up. Upper: 
Duration testing and contact characterization. The hermetically sealed 
switches are placed on a test board and tested under complete computer 
control (labview). The voltage is programmable via GPIB; voltage 
measurement and digital control is done via a NI-DAQ card in the PC. 
Middle: Dynamic behavior is monitored on the oscilloscope. The 
function generator and one shot provide the control pulses of the 
actuators, while the voltage is set by a separate source. Lower: Electrical 
schematic for duration test of a bi-stable switch. Voltage on the On and 
Off actuators is controlled by pulses on the corresponding FET switches. 
After each state change the voltage V1 (over the contact) and V2 (over a 
known series resistor) is measured. 
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3.3 Theory 

3.3.1 Electrostatic actuators 
By approximating the comb fingers (Fig. 3.5) as parallel plate 

capacitors, the capacitance C between the two parts of the 
actuator as a function of displacement x is given by [14] 

 

))((2
g

hxl
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whNC +
+

−
= ε  (3.1) 

 
with N the number of moving comb fingers and ε the 

permittivity of the medium between the combs. The first term is 
the tip to base contribution (Ct) and the second term is the side-
to-side contribution (Cs). 

The x-derivative of the energy stored in the capacitor when a 
voltage V is applied over it (equation 3.14) gives an expression 
for the attractive force Fx between the two parts of the actuator in 
x direction [14] 
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3.3.2 Mechanical system 
Total force exerted by the hinges and double clamped beams 

on the central movable beam (Fig. 3.6) as a function of 
displacement is given by [15,16] 
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with kh, kl respectively the spring constant of the four hinges 
and the four double clamped beams given by 
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with E the Youngs modulus of the material. The first term in 

equation 3.3 is associated with linear spring behavior of the 
hinges, resulting in a negative force (opposing the displacement). 
The second term in equation 3.3 is a reaction force in x direction 
due to compression of the double clamped beam in y direction 
related to equilibrium of momentum. Note that this term is 
initially also negative but changes sign when the beam is 
displaced further then the offset distance x0 (the (x-x0) term). 
This term is responsible for the bi-stable behavior as shown 
schematically in Fig. 3.2. 

The force required to close the switch is given by the local 
minimum in the force-displacement curve (Fig. 3.2). The 
required force to open it is given by the contact force. Any 
sticking force will add to this. An upper limit on the parasitic 
non-electric force the switch can sustain and avoid unintended 
switching to the alternative state can be found by taking 
Newton’s law of inertia of mass 

 
maF =  (3.6) 

 
with a the acceleration, F equal to the minimal required 

switching force and m the mass of the movable part given by 
 

ρAhm =  (3.7) 
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with A the total area of the moving parts and ρ the density of 

the material. The mass of the gold layer on top of the silicon 
should also be taken into account. 

For the mono-stable test structures (Fig. 3.7) the spring force 
Fmono is described by 

 
xkF mmono −=  (3.8) 

3

12
l
EIkm =  (3.9) 

12

3hbI =  (3.10) 

 
with km the spring constant, I the moment of inertia and l, h and 

b the length, height and width of the beam respectively. 

3.3.3 Dynamics 
Newton’s law of inertia gives the differential equation for the 

displacement as a function of time [15] 
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with m the mass of the structure and c a friction coefficient 

given by [15] 
 

c

c

d
A

c µ=  (3.12) 

 
in which µ is the absolute viscosity of the medium between the 

combs, Ac is the total sliding surface area and dc is the gap 
between the sliding surfaces. 
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Resonance for the mono-stable structures is expected at  
 

m
km=0ω  (3.13) 

 
with km and m given by equation 3.9 and 3.7 respectively. 
The energy E needed to change the state of the switch equals 

the energy stored in the charged actuator given by 
 

2

2
1 CVE =  (3.14) 

 
with C the capacitance of the actuators and V the switching 

voltage. 
The average current I needed to charge the actuator in a time t 

is  
 

tCVI /=  (3.15) 
 

3.3.4 Micro contact 
Contact properties of micro contacts are described in 

[17,18,9,19,20,21,1,22].The contact resistance Rc depends on the 
contact force Fc as [20] 

 

α
1

−∝ cc FR  (3.16) 
 
with α=3 for elastic deformations and α=2 for plastic 

deformations. 
Since the hinges are long and thin, they significantly contribute 

to the measured contact resistance (see section 3.2.3). The 
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measured resistance values are corrected with a value Rcor given 
by 

 

sscor n
hw

lR ρρ
==  (3.17) 

 
with ρs=ρ/h the resistance per square of the gold layer and 

ns=l/w the number of squares. 
Under adiabatic conditions and using the Wiedemann-Franz 

law a relation between the voltage over the contact Uc and the 
contact temperature Tc independent of material properties or 
contact shape can be found [20] 

 

0

2
2

0 4L
UTT c

c +=  (3.18). 

 
with T0 the ambient temperature and L0=2.4·10-8V2K-2 (Lorentz 

number). This contact voltage Uc is not to be confused with the 
contact voltage Vc on the electrostatic actuators needed to make 
contact. When the contact temperature Tc reaches the melting 
temperature of the contact metal the switch will be damaged. 
Equation 3.18 can be used to calculate the corresponding voltage 
Uc over the contact. This in turn can be related to the maximum 
current Ic when the contact resistance Rc is known using Ohm’s 
law 

 
ccc RUI /=  (3.19) 

 
An example calculation is presented in the results section 

(section 3.4.4) 
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3.4 Results and discussion 

3.4.1 Design choices 
The requirements that should be met by the switch are given in 

Table 3.1. The design intention is a switch that has a consistent 
and low contact resistance, with a minimum size and maximum 
breakdown voltage. 

A great deal of work has been performed and published to 
provide design input for micro contacts [19]. However, contact 
properties depend to a large extend on surface topology and 
contact material properties that are hard to determine in advance 
[17,18,9,19,20,21,1,22]. Required minimum contact force for a 
reliable contact ranges from 10µN [9] to 100µN [19]. The 
contact force is determined by the magnitude of the (local) 
maximum in the force versus displacement curve (Fig. 3.2). This 
is mainly influenced by the spring constant of the double 
clamped beam kl (equation 3.5). The (local) minimum in this 
curve has the same order of magnitude. This is the minimum 
force that needs to be provided by the electrostatic actuators to 
overcome the opposing behavior of the spring system and change 
the state from OFF to ON. The electrostatic force is mainly 
controlled by the number of comb fingers N (of influence on the 
size) and the actuation voltage V (equation 3.2). The design is a 
balance between maximal contact force, minimal structure size 
and minimal actuation voltage. A matlab program was made to 
optimize the design. The dimensions of the bi stable mechanical 
spring system (equation 3.3-5) and the comb actuators (equation 
3.2) as well as material properties and the actuation voltage are 
used as input parameters to calculate the force displacement 
curve. The maximum- and minimum-force, the electrostatic 
force, the maximum stresses and an estimate of the switch area 
are calculated as output parameters. It is checked if the 
assumptions for the validity of the model hold (Lh>lh and 
Lc>dc,wc,hc) and if the structure will be working (stress lower 
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then maximum stress, contact force larger then required 
minimum, electrostatic force sufficient to overcome barrier). A 
sensitivity analysis of selectable output variables on input 
parameters is carried out to identify the critical dimensions. As a 
contact material AuNi was choose since it has been reported that 
this gives low contact resistance and small sticking force [19]. 

The height h of the structure is chosen to have maximum 
actuator force per unit area. The bigger the height, the larger the 
electrostatic force (equation 3.2). However the size of the details 
that can be etched using DRIE also increases with increasing 
height, meaning less comb fingers per unit area. Optimum 
structures have an estimated height between 50 and 80µm. The 
comb finger overlap l and tip to base distance d are chosen so 
edge effects may be neglected in the capacitance for all allowed 
values of the displacement x (equation 3.1, see also 3.4.2). 

An N2 atmosphere and a distance of 12µm between the two 
contact members was chosen. The N2 has a positive effect on the 
long term contact properties [19]. 

Typical values for the parameters are given in Table 3.4. 
Comparison of theoretically expected behavior with experiment 
on various aspects will be given throughout the following sub 
sections. First an inspection of basic properties is given (3.4.2), 
followed by bi-stable switch characterization (3.4.3) and micro 
contact characterization (3.4.4). 

3.4.2 Verification of basic properties 
The mono-stable test structures were used to verify basic 

properties of the fabricated structures. The displacement was 
measured as a function of voltage on the actuators. The 
electrostatic force is calculated from the voltage over the 
actuators using equation 3.2. In equilibrium the spring force 
Fmono equals the electrostatic force Fx  
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xmono FF =  (3.20) 
 
Using this equation the spring force versus displacement can be 

plotted (Fig. 3.9). Fitted value is 4.6N/m for the spring constant. 
When calculating the spring constant directly (equation 3.9) 
using SEM measured values for the dimensions a value of 
4.2N/m is found. 
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Fig. 3.9.  Spring force as a function of displacement. The force is 
calculated from the voltage on the actuators while the displacement is 
measured. Fitted value is 4.6N/m for the spring constant, while 
theoretical expectation was 4.2N/m. 

 
The capacitance was calculated as a function of displacement 

using a finite element analysis method (Maxwell) and the 
analytical formula given by equation 3.1 (Fig. 3.10). Note that 
the tip-to-base contribution to the capacitance is almost 
negligible. Note that the combs are operated in a range of 
displacements were the simulations show a linear behavior, this 
means that equation 3.1 may be used. Also note that the roughly 
constant offset between analytical and numerical capacitance 
values is of no influence on the electrostatic force since that is 
proportional to the derivative with respect to displacement 
(equation 3.2). 

 

 



Bi-Stable MEMS Switch 127 

 
Fig. 3.10.  The analytically (C) and numerically (Cfea) calculated 
capacitance in fF (vertical axis) as a function of displacement x in µm 
(horizontal axis) for one comb finger. Ct and Cs represent the 
contributions from tip to base and side to side respectively (see equation 
3.2). The vertical lines denote the range in which the comb fingers are 
operated. These two curves (C and Cfea) are used to calculate the two 
theoretical curves in Fig. 3.11 (labeled Analytical and FEA respectively) 
as explained in the text. 

 
The relative capacitance change as a function of voltage was 

measured using a setup from Delft University of Technology. To 
compare this with the theoretical values the following iterative 
approach is used. First calculate the electrostatic force Fx (either 
using equation 3.2 or the derivative of the simulated capacitance 
versus displacement) for a specific voltage V and the spring force 
Fmono (equation 3.8) as a function of displacement. Then use 
equation 3.20 to find an equilibrium value for the displacement. 
Calculation of the capacitance at this displacement (equation 3.1) 
yields one point on the theoretical capacitance versus voltage 
curve. When the desired range of voltages is calculated the 
capacitance values are changed to relative units (see Fig. 3.11). 
The three curves compare very well (differences <<10%). 
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Fig. 3.11.  The relative capacitance change as a function of voltage V 
(Volt) as measured, calculated analytically and calculated using FEA 
(see text 3.4.2). 

 
 
Resonance frequency of mono-stable structures was visually 

determined under the microscope with an AC voltage on the 
actuators and found at 3.6±0.1kHz. For the theoretical value  
equation 3.13 is used. The spring constant km is calculated using 
equation 3.9 (see above). The mass is estimated using the 
dimensions of the movable part of the structure as determined 
under the SEM and the density of silicon (2.3·103kg/m3) in 
equation 3.7. The mass of the gold layer is taken into account. 
The calculated resonance frequency is 3.4kHz. 

The theoretical value for the contact voltage Vc is 50V by using 
equation 3.20 at the contact displacement xc. Experimentally Vc 
is defined as the first voltage at which the measured contact 
resistance Rc drops below 10Ω while slowly increasing the 
voltage on the actuators and find 54V. When the voltage is 
decreased again in small steps a release voltage Vr is found 
(defined as the first voltage the measured contact resistance rises 
above 10Ω) that is lower then the contact voltage. This 
difference is explained by contact sticking. The sticking force is 
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easily calculated from the difference in Vc and Vr using equation 
3.2. This results in a sticking force in the order of 10 to 15µN. 

All measured values are within 10% of theoretical expectation, 
giving confidence to proceed with inspecting the bi-stable 
switches and characterization of the contact properties. 

3.4.3 Bi-stable switch properties 
The force that is needed to overcome the mechanical barrier 

(equation 3.3) is 5.7µN. This corresponds to a theoretically 
expected actuation voltage of 16V (equation 3.2), corresponding 
well with the observed 17V (see Fig. 3.12). The contact position 
xc of 12µm is exactly at the local maximum of the mechanical 
force versus displacement curve, yielding a contact force of 2µN. 
The theoretical required voltage required to overcome this 
contact force in order to open the switch is 10V. The observed 
value is 24V (see Fig. 3.12). The difference corresponds to an 
excess in required opening force in amount of 10µN. This can be 
explained by sticking of the Ni-Au contact members. In this bi-
stable design the opening comb actuators overcome this sticking 
force. 
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Fig. 3.12.  Voltage over the contact and on the actuators as a function of 
time during operation of a bi-stable switch. The contact voltage is ca. 
zero in closed position and 0.5 V in open position. A short pulse on the 
appropriate actuator causes the switch to change state. Bi-stability is 
shown by the fact that the switch holds its position after removal of the 
actuator voltage. The detail shows that the switch bounces when closing. 
(see text for further explanation) 

 
 
The energy needed to change the state of the switch (equation 

3.14) is only 0.2nJ using an approximate value of 1pF for the 
capacitance of the actuators. The structures show underdamped 
response. Bouncing could be observed when closing the contact 
(Fig. 3.12). An upper limit of the actuator charging time (not 
visible on the actuator pulses shown in Fig. 3.12 on that scale) is 
80µsec, which means an approximate current drain during 
switching of 200nA (equation 3.15). The mass m of the movable 
structure (equation 3.7) is approximately m~10-14kg. If the 
contact force Fc (discarding sticking) and this mass are used in 
equation 6 the resulting acceleration is approximately 2·108m/s2. 
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Despite the small contact force, the external acceleration needed 
to accidentally change the switch state is very large due to the 
small mass. The size of one bi-stable switch including actuators 
is 1374µmx927µm, or 1374µmx1320µm including bondpads. 

The initial measured contact resistance is below 5Ω. Life cycle 
testing was performed in which the switch was continuously 
opened and closed while measuring the contact resistance after 
each actuation pulse. The test results show that the contact 
resistance starts increasing after approximately 4·104 times (Fig. 
3.13). SEM-EDX analysis shows damage in gold coverage at the 
contact spots compared to untouched areas (Fig. 3.14). Although 
the electrical contact was damaged, the correct mechanical 
operation of the switch could still be verified by measuring a 
high resistance (ON) or an infinite resistance (OFF). This showed 
that mechanically speaking the bi-stable switches reliably open 
and close for over 106 times. 

 

 
Fig. 3.13.  Contact resistance vs. number of cycles for bi-stable switch 
actuated at 18V, hot switched at 0.5mA. The resistance is measured as 
shown in Fig. 3.8 Lower) 
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Fig. 3.14.  SEM picture of micro contact showing metalization damage 
after 10 million cycles at 0.5mA. The right part is the movable contact 
member and the left part is the opposing fixed contact member. The 
metal peels off and is damaged at the point of contact. 

 
DC breakdown of the central moving beam to the opposing 

fixed contact member with open contact gap (12µm) was found 
to be 305V for switches sealed in an N2 environment 
(theoretically expected value is 250V). Breakdown from the 
actuators to the carrier layer occurred at 150V. 

3.4.4 Micro contact properties 
Life cycle testing of both the beam (Fig. 3.7) and arc (Fig. 3.6) 

contact shapes on mono-stable test structures showed an increase 
in contact resistance after 1·105 to 3·105 cycles similar to that 
observed for the bi-stable switch as described above. SEM 
inspection showed a damaged contact metal similar to that of the 
bi-stable switch shown in Fig. 3.14. These observations do not 
reveal a difference in duration behavior between the two contact 
shapes. The limited robustness of the contact metal is more 
important then the (small) difference in contact design. 

In further investigations the contact resistance as a function of 
contact force was measured using the mono-stable test structures. 
The measured contact resistance is corrected for the contribution 
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from the hinges Rcor~3Ω (equation 3.17 with ns=114 squares with 
a resistance per square ρs of 24mΩ). Values compare well with 
other publications as shown in Fig. 3.15 (adapted from [9]). 

 

 
Fig. 3.15.  Contact resistance versus contact force (adapted from [9]). 
Values obtained in this work are indicated by the arrow, measured on 
mono-stable test structure with 0.5mA current and corrected for series 
resistance from the hinges. 

 
 
With the contact temperature Tc equal to the melting 

temperature of gold (1336K) the contact voltage Uc over the 
contact is 0.4V (equation 3.18). A closed mono-stable contact 
actuated at 100V has a measured contact resistance of 
approximately 1.6Ω (corrected for the contribution from the 
hinges). Using equation 3.19 with these values a maximum 
current of 258mA is expected. The measured maximum current 
on mono stable test structures is 257mA (see Fig. 3.16). Section 
5.1.4 provides and overview of possible micro contact failure 
mechanisms as described in literature.  
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Fig. 3.16.  The contact-resistance (solid line, left axis) and –temperature 
(dashed line, right axis) as a function of contact current. Contact 
resistance is corrected for resistance of the hinges and used to calculate 
the voltage over the contact Uc. This is used to calculate the 
corresponding contact temperature Tc (equation 3.18). Breakdown 
occurs at 258mA or around 1300ºC (melting point of gold is 1063ºC). 

 
 

3.5 Conclusion and outlook 

Working prototypes of a bi-stable micro electro mechanical 
switch have been produced. The initial contact resistance is 
approximately 5Ω. Breakdown voltage between the two contact 
members in OFF state is 300V, while breakdown between 
actuators and contact member occurs at 150V. The energy 
needed to change state is estimated to be 0.2nJ. The switch is bi-
stable, meaning that it consumes no energy in either the ON or 
the OFF state. The total size of the structure including bondpads 
and actuators is 1374µmx1320µm. Advantages over FET 
switches are achieved in terms of power consumption; ON 
resistance and breakdown voltage (see Table 3.1). The size target 
is not met by these prototypes. However, size can be 
interchanged with actuation voltage rather effectively. Actuation 
force is proportional to the square of the actuation voltage and 
linear with the number of comb fingers that are also linear 
proportional to the size. Therefore a factor of 10 in actuation 
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voltage means a factor of 100 decrease in size. These prototype 
switches operate at 24 V. This is higher then the voltages 
normally available in implantable devices. An arrangement has 
to be made in the smartlead to provide the actuation pulses. The 
step to allow an even higher actuation voltage is possible, 
decreasing the size to a level that can meet the target. 

With measurements on both mono-stable and bi-stable test 
structures it has been demonstrated that the experiment compares 
well with the theory. All measurements were within 10% of the 
calculated values assuming simple models. Furthermore it has 
been shown that it is possible to create an initial contact 
resistance below 5Ω with a contact force in the order of 10µN. 

The focal areas for further investigations of this switch for 
biomedical applications will be the contact metalization and the 
reliability of the switch. Further fundamental investigations into 
the dynamics, the sticking force and a theoretical treatment of the 
contact resistance to be expected are also considered. 
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4 Wafer level hermetic package and device 
testing of the bi-stable MEMS switch 

In this chapter a design of a wafer level chip scale package for 
a bi-stable SOI-MEMS DC switch using a silicon-glass hermetic 
seal with through the lid feedthroughs is presented. Bonded at 
365 ˚C, 230 V and 250 kg they pass fine/gross leak test after 
thermal cycling and mechanical shock/vibration according to 
MIL-STD-833 fulfilling the requirements for biomedical 
applications. Measured shear strength is 114±26 N in 
correspondence with the theoretically expected 100 N. 
Ruthenium micro contacts are a factor 100 more robust then gold 
micro contacts, being stable over 106 cycles measured in an N2 
atmosphere inside the package presented here. 

4.1 Introduction 

Packaging of Micro Electro Mechanical System (MEMS) 
devices is one of the most difficult parts of the product 
development process due to the many requirements and 
functions[1]. It is more complex then conventional integrated 
circuit (IC) packaging due to difference in nature between 
MEMS and IC[2]. In many cases a special environment needs to 
be created in cavities in the package to improve the function of 
the packaged MEMS device [3,4,5,6,7,8,9,10,1]. 

This chapter has been published for the most part in the Journal of 
Micromechanics and Microengineering authored by Receveur, R A M, Zickar, 
M, Marxer, C R, Larik, V C M H and de Rooij N F [30] 
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The package serves as an electrical interconnect platform, is a 
mechanical support, needs to be able to handle the power and 
takes care of thermal management. It needs to be compatible 
with other mounting techniques[11] and solves the temperature 
coefficient of expansion (TCE) mismatch between device and 
substrate[4,12]. 

Conventional packaging techniques take up between 75-90% of 
device costs [13,7,2] and are responsible for as much as 99% of 
the size[7]. As a consequence, wafer level packaging is 
increasing in importance[1] and still largely under 
development[7,2]. Wafer level packaging is low cost due to the 
batch character of the process[4,5,13,12], and small 
size[11,13,12,10]. Structures are already protected early in the 
process[5,7] and testing can be done on the wafer[12]. Smaller 
packages could enable entirely new applications[13]; lead to 
better reproducibility[4] and reliability[5,13] and to better 
electrical properties[4]. 

A bi-stable silicon on insulator (SOI)-MEMS direct current 
(DC)-switch for biomedical applications has been designed [14]. 
A schematic drawing of the working principle of the bi-stable 
MEMS switch is shown in Figure 4.1. This switch will be used to 
select electrical stimulation electrodes located on leads implanted 
in the human body.  
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Figure 4.1 Schematic of the bi-stable switch, not on scale, shown in OFF 
position (a) and ON position (b). x is the displacement of the moving parts, 
were x=0 is defined at the initial position of the central beam (as fabricated). 
Fx is the mechanical force exerted on the central beam by the double clamped 
beam and the hinges, which is plotted as a function of displacement in (c). Bi-
stable behavior is generated by the double clamped beam and hinges. x0 is an 
offset distance and xc is the contact distance. The central beam can be moved 
in positive and negative x-direction by the electrostatic comb actuators. In the 
ON state the central beam is moved to the right to contact the opposing 
contact member. When the beam is displaced from its initial stable position 
(OFF state) in the positive x-direction the force becomes negative, meaning it 
is opposing the motion. At the offset position x0 the force changes direction 
and is now promoting further motion. The fixed contact member is placed at 
position xc. for maximum contact force (Fc) (stable ON state). 

The wafer level hermetic package protects the fragile movable 
microstructures of the switch against dust. In addition it provides 
a cavity in which a controlled environment can be maintained, 
improving the long-term micro contact reliability. It allows for 
batch processing of multiple packages in parallel leading to low 
cost per package. A hermetic feedthrough technique using a 
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through the lid approach that allows contact to the two control 
pads and two signal pads needed to operate the bi-stable switch is 
also presented. The requirements on the package are presented in 
Table 4.1. These are part of the requirements that a component 
inside an implantable medical device must fulfill. This chapter 
will not address the requirements that have to be fulfilled when 
exposing this package to the body. 

 
Table 4.1 Sealing requirements 

Item MIL-STD-
883 Method 

Description 

Fine leak 1014 Fine He BOM 
Gross leak 1014 Gross Bubble test 
Shear strength 2019 Destructive 
Thermal 

cycling 
1010 Cond B -55ºC/+125ºC 10 

cycl. 
Mechanical 

shock 
1010 Cond B 5 shocks, x6 

directions 1500g 0.5 
ms half sine 

Mechanical 
vibration 

2007 Cond A var. frequency 150 
- 2000 Hz 20g 

 
This chapter starts with a short review of hermetic wafer level 

packages and feedthroughs as reported in literature. The design, 
experimental and theoretical methods are described. Chapter 4 
contains the results and discussion, including the results of 
device testing performed inside the wafer level package. In the 
last section the measured characteristics are compared with the 
requirements for use in biomedical application. 

4.2 Packaging and interconnect 

A short overview of ways to hermetically seal MEMS devices 
and how to electrically interconnect to them from the outside is 
presented in this section to place the design presented in this 
chapter in the proper context. 
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4.2.1 Hermetic seal 
Direct bonding creates a bond between two silicon wafers that 

are pressed together at high temperature (1000 ºC). A very low 
surface roughness and no particles between the wafers are 
required. With a special surface activation method a low 
temperature (200-400 ºC) variant was developed, creating bond 
strengths up to 2 J/m2[15]. This technique makes it possible to 
make very small gaps between the two wafers, has no TCE 
mismatch and is compatible with complementary metal oxide 
semiconductor (CMOS). 

The anodic (or electrostatic) bond between glass and silicon is 
one of the most applied techniques in MEMS for example in 
pressure sensors and accelerometers[16]. It is believed that a 
covalent bond is formed between the surface atoms of the glass 
and the silicon when both wafers are pressed together under 
application of a voltage at elevated temperatures[7] creating a 
hermetic seal[6]. The surfaces need to be clean[1] and planar, 
with a surface roughness of ~100 Å[17]. A glass with a TCE 
close to that of silicon (like Pyrex) should be used[16], while the 
silicon can also be a fine grain poly silicon layer[17] or an SOI 
wafer[12,1]. Applied temperatures are in the range of 300-450 
ºC[12,1,17,18] with optimum bond quality achieved at uniform 
distribution and slow cooling down. Voltages can range from 
200-2000 V[12,1,17,18] with an importance for the uniformity. 
The required bond width is 250 µm[17]. The processing time is 
in the range of 10-20 min[12,1] and can be done in an arbitrary 
environment. The resulting bond strength can be >20 MPa[1]. 
Outgassing of oxygen from the glass during bonding[3,16] can 
be limited by prebaking prior to bonding[17]. The mobile alkali 
ions in the glass (required for anodic bonding) can diffuse to 
other parts of the microstructure and/or electronics and cause 
failures[16]. The process can be performed locally using a 
Nd:YAG laser with 300 µm beam and 10-30 MPa applied 
pressure at temperatures of <250 ºC[16]. 
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For bonding using an intermediate glass layer a paste filled 
with glass particles is screen printed on the lid width a thickness 
of 20 µm and a width of 500-600 µm. Both wafers are pressed 
together and bonded at a temperature of ~450 ºC[12,9]. 
Alternatively a metal intermediate layer can be used. 
SnPb/NiAu[5,19] SnAgCu/Pd[5] material combinations have 
been demonstrated. The metal system is deposited, patterned, 
plated and or printed on both wafers and reflowed at 
temperatures in the range of 180-320 ºC. Minimum frame width 
is in the range of 80 µm[5]. Polymer intermediate layers are 
classified as non-hermetic seal[4,9]. BenzoCycloButene (BCB) is 
spin coated and patterned on one of the two wafers and cured at 
temperatures <250 ºC[20,21]. 

An entirely different class of protection is to provide a thin film 
encapsulation. In general a seal layer is deposited over a 
sacrificial layer and released through etch holes that are then 
hermetically sealed. It can be a poly silicon layer over an oxide 
layer, HF vapor released and hermetically sealed by a passivation 
layer [11] or a 40 µm electroplated Ni layer over photoresist 
sealed with a solder using a mold and transfer technique[10]. A 
variation on this process is presented in [8] using a thick epipoly 
layer with DRIE etched release holes. 

4.2.2 Hermiticity.  
When fabricating wafer level packaged devices one would like 

to know the hermiticity level or more in general the quality of the 
bond to assess compliance with the requirements. Often MIL 
STD 883 is used to objectively define various hermeticity 
levels[5]. General bond quality test methods employed include 
gross leak test, fine leak test, mechanical shear test and 
fracture[5,1]. Stressing the pacakage is done by temperature 
cycling, high T high RH storing, drop test and thermal shock, 
autoclave or saline soaking[4,10,17]. In situ test structures used 
to determine changes occurring inside the sealed cavity include 
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pressure sensors, moisture sensors, dew point sensors, 
tensiometric bridge and pirani gauges[12,22,10,17]. Packages 
can be inspected using SEM, Scanning Acoustic Microscopy or 
ultrasound[1,18]. 

4.2.3 Hermetic feedthrough 
In most cases it should be possible to electrically connect 

structures inside the package without disturbing the long-term 
stability of the environment created inside the cavity. A 
development decreasing the need for feedthroughs is 3D system 
design and CMOS-MEMS integration but a review of those 
possibilities is beyond the scope of this chapter. 

“Under the lid” interconnects extend out of the pacakage in 
lateral direction, in the plane of the substrate and lid. Filling the 
trenches in the SOI device layer would allow an under the lid 
approach. A sealing ring can then be constructed over these areas 
without causing a leakage path to the inside of the cavity. A 
silicon nitride[23,24] or silicon dioxide[25] layer can be used to 
form a mechanical connection but an electrical isolation. LPCVD 
deposited low stress silicon nitride has good conformal step 
coverage (completely filling the trenches) and a smooth and flat 
surface remains after removal of the top layer with CMP[24]. 
Buried conductor traces in the substrate are another possibility to 
electrically get out of the hermetic cavity in a lateral 
way[17,6,26]. The addition of electrical interconnect between lid 
and MEMS wafer can decrease the need for feedthroughs[19]. 
This has been demonstrated using the same metal as is used for 
the sealing [19] and with the use of mechanical press contacts 
between metallization on the lid and substrate[6,26]. 

“Through the lid” interconnects extend out of the package in 
vertical direction, perpendicular to the plane of the substrate and 
lid. A silicon cap wafer with wet etched through holes eutectic 
bonded to a silicon substrate is described in [1]. A small 
remaining gap between metallization on the substrate wafer 

 



Wafer Level Package of MEMS switch 145 

(deposited prior to the eutectic bonding) and the cap wafer is 
closed by sputtering a thick (1 µm)aluminum layer. Deep 
reactive ion etched through holes of 40-60 µm in 130 µm Pyrex 
glass filled with Ni by pulsed electroplating are described in [27]. 
Through the lid wet etched holes in glass have been shown in 
[26] but are used as a pressure inlet only. 

4.3 Materials and methods 

4.3.1 Design and fabrication process 
Anodic bonding is selected since it is a well known process 

capable of forming a hermetic seal. It can be performed at the 
wafer level which has a positive effect on the packaging costs. A 
new process for creating hermetic feedthroughs through the lid is 
presented. Each contact is electrically isolated in the SOI device 
layer.  

Structures and lid are designed using the Expert system. A 200 
µm sealing ring surrounds the complete structure and each 
individual bond pad. The switch is fabricated out of a SOI wafer 
using a single mask step[14]. The DRIE process is tuned to 
create a slight negative angle, causing the contact position to be 
at the top side of the device layer where most metal is expected. 
A shadow mask technique is used to selectively deposit metal on 
the contact members and bond pads while keeping the glass 
silicon bond area clean (Figure 4.2). A silicon wafer with KOH 
etched through holes is manually attached to MEMS wafer. A 
chromium-gold-nickel-gold layer (Cr/Au/Ni/Au, 10/250/30/200 
nm) is deposited using a special rotating evaporation setup and 
the shadow mask is removed. As a comparison, ruthenium 
(Ti/Ru 10/1000 nm) was also deposited using a conventional 
sputtering setup with no special measures to deposit on the 
vertical side walls. Ruthenium has a higher Vickers Hardness 
then gold (220 vs. 25) so a longer lifetime for switches coated 
with this metal is expected. This difference also leads to an 
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expected lower sticking level and higher required contact force 
for Ruthenium in comparison to Gold. In addition, Ruthenium is 
not as good a conductor as gold. Glass lids (Pyrex, 500 µm) are 
pre etched in 50%HF from both sides through a 0.5 µm 
polysilicon etch mask deposited by LPCVD (temperature is 
570°C and the deposition rate is 2.7 nm/min). After removal of 
the polysilicon, glass lid and MEMS wafer are aligned 
(Electronic Visions) and moved to the wafer bonder (EVG). 
Anodic bonding is done at two different conditions, group I 
365ºC, 350V, 200kg and Au metalization and group II 365ºC, 
230V, 250kg and no metalization both in an N2 atmosphere. 
Bond areas and scribe lines in the glass lid are opened by a final 
50%HF etch of the complete wafer stack. The wafer can then be 
diced into individual capped switches (Figure 4.2). 

 

 
Figure 4.2 Schematic cross section of the packaged micro switch. SOI carrier 
layer, silicon dioxide, SOI device layer, metalization and glass lid are 
indicated. (a) After removal of the temporary shadow mask used for selective 
metal deposition on the contact members and bondpads. (b) Final packaged 
switch. 
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4.3.2 Experiment, theory and simulation 
The packaged switches are inspected under the scanning 

electron microscope (SEM). Cross sections of the feedthroughs 
are made by encapsulating the complete die in epoxy, dicing and 
inspection under an optical microscope. Bond quality and 
environmental stress tests are carried out by Zarlink (Caldicot, 
South Whales) according to the standards as described in table 1. 
Finite element analysis is done by Infinite (The Netherlands) 
using ANSYS. Wafer level packaged individually diced switches 
are placed inside a 8 pin Dual Inline Package (DIL-8) and 
electrically contacted by wirebonding to the metal pads inside the 
through the lid holes. Switch contact properties are then 
measured as reported earlier [14] with the exception that the 
current through the contact is switched off before opening and 
closing the switch (cold switching). 
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4.4 Results and discussion 

A SEM picture of a sealed chip is shown in Figure 4.3 and a 
cross section in Figure 4.4. Details of the lid are shown in Figure 
4.5. 

 
Figure 4.3 SEM picture of packaged switch with feedthroughs. The etched 
holes in the glass lid open the way to contact the metal on the pads (visible as 
the light square areas). On the side the SOI carrier layer, silicon dioxide and 
device layer are visible. 

 
Figure 4.4 Cross section through a feedthrough encapsulated in epoxy. 
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Figure 4.5 SEM photographs of the glass lid. (a) Bottom view showing the 
recessed area that is positioned above the moving structures and the 
feedthroughs. (b) Detail of the feedthrough seen from the bottom side. 

4.4.1 Bond quality 
With the small cavity volumes of typical MEMS packages 

special care has to be taken with the interpretation of leakrate 
results[20]. In this design the cavity volume is approximately 
150nL. Following the same approach as in [20], this leads to an 
upper limit for the fine leak rate (Rfu) of 1.5e-6 mbar.l/sec and a 
lower limit for the gross leak rate (Rgl) of 1e-4 mbar.l/sec. The 
lower limit fine leak rate Rfl is 0.4e-9 mbar.l/sec. The hermiticity 
of anodic bond as reported in the literature is limited by the 
diffusion of gass through the glass. This leads to an expected 
leakrate of 10e-15 mbar.l/sec. With this in mind the samples with 
zero leak rate have been interpreted as having a leak rate below 
the detection limit, and they have been classified as pass. In order 
to be able to formulate a required leakrate for the package a 
quantitative expression for the reliability as a function of gas 
content in the micro contact environment needs to be known. 
Qualitatively it can be stated that for example water content 
should be prevented because of possible formation of non 
conducting layers on the contact material under the influence of 
water. For simplicity assuming a pressure gradient across the 
package sealing of 1000mbar the required leakrate for a desired 
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lifetime of 10 years is 5e-13 mbar.l/s which is below the lower 
detection limit of 4e-10 mbar.l/s. This means that care has to be 
taken with the interpretation of the fine leak test results. The 
required leakrate is however more then two orders of magnitude 
higher then the expected leakrate of 1e-15 mbar.l/s. 
Measurements on the MEMS devices itself inside the cavity to 
detect leakrates in the undefined regime are under investigation. 
From the 37 as fabricated dies 33 and 31 pass both seal tests 
(group I and II respectively). The overall bond quality and stress 
test results are given in Table 4.2 and Table 4.3 and will be 
described in more detail in the following sections. 
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Table 4.2 Test results for group I 200N, 350V, 365ºC, Au. The table is to be 
read from left to right, an each column from top to bottom. The number in the 
first column indicates the initial sample quantity. These all proceed to the next 
column titled Bond Quality. The three samples that are entered into the shear 
test are lost for further testing since it is a destructive test. The number 
between brackets () are the failed samples. All remaining functional samples 
pass to the next test towards the bottom of the column. Finally all passed 
samples proceed to the test in the next column. Note that the group is split in 
two at the third column. 

Initial 
Quantity 

Bond 
Quality 

Stress Bond 
Quality 

Stress Bond 
Quality 

Thermal 
18 

Fine 
18(0) 

Gross 
18(0) 

Shear 
3(0) 

40 Shear 
3(0) 

Fine 
33(4) 

Gross 
33(0) 

Mech. 
Shock 15 

Fine 
14(1) 

Gross 
14(0) 

Mech. 
Vibr. 14 

Fine 
14(0) 

Gross 
14(0) 

Shear 
3(0) 
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Table 4.3 Test results for group II 250N, 230V, 365ºC, no metal (* operator 
error). (more explanation see table 4.2) 

Initial 
Quantity 

Bond 
Quality 

Stress Bond 
Quality 

Stress Bond 
Quality 

Thermal 
16 

Fine 
14(2) 

Gross 
14(0) 

Shear 
3(0) 

40 Shear 
3(0) 

Fine 
32(5) 

Gross 
31(1*) 

Mech. 
Shock 15 

Fine 
14(2) 

Gross 
14(0) 

Mech. 
Vibr. 14 

Fine 
13(1) 

Gross 
13(0) 

Shear 
3(0) 

 
For the shear test a custom holder was made to fix a single 

packaged chip on the SOI side and pressing the glass lid 
sideways with a automated tool while measuring the force 
according to MIL-STD-883 method 2019 (destructive test). All 
shear strength tests (before and after thermal/mechanical stress 
tests) are passed. The actual value was 137±37 N (group I) and 
114±26 N (group II). Reported bond strengths are larger then 20 
MPa[1]. The bond area for the devices as estimated from the 
mask sets is 5x10-6m2, giving an expected bond force of 100 N. 
An estimate of the total bond area of all the devices on the wafer 
plus the additional bond area around the periphery leads to an 
anodic bonding pressure of approximately 0.5MPa for the 250kg 
bonding force. 

The test samples are fixated to a holder using glue for 
mechanical stress tests. The glue is carefully removed afterwards 
in order to prevent negative side effects in the leakage tests. 
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Mechanical shock is carried out according to MIL-STD-883 
method 1010 condition B. The package is subjected to five 1500 
g shocks in 6 directions. Mechanical vibration is carried out 
according to MIL-STD-883 method 2007 condition A. The 
package is subjected to a varying frequency between 150 and 
2000 Hz with an acceleration of 20 g. Both mechanical tests are 
survived by 14 out of 15 and 13 out of 15 respectively (group I 
and II). 

For thermal stress tests the samples are placed in a chip carrier 
that is placed inside an oven. This oven can provide the thermal 
profile as prescribed by MIL-STD-833 method 1010 condition B. 
The temperature is cycled 10 times between -55 ˚C and +125 ˚C 
with a rise and fall time of less then 1 minute and a stable time of 
10 minutes. Thermal cycling is survived by 18 out of 18 
respectively 14 out of 16 samples (group I and II). In order to 
assess the thermally induced stresses caused by the difference in 
TCE between glass and silicon, numerical calculations were 
carried out. Table 4.4 gives the material properties that were used 
to numerically calculate the thermally induced stresses. Figure 
4.6 gives a picture of the induced stresses at the glass silicon 
interface. The maximum stress is in the order of 0.12-1Mpa and 
occurs at the edges and around the holes in the lid. Dynamic 
calculations do not pose any significant additional stress. 

 
Table 4.4 Material properties used for finite element analysis[28,7,29] 
*Depends on temperature 

Property Unit Symbol Si SiO2 Pyrex 
Coefficient of thermal expansion 10-6/°C α 2.6* 0.55 3.2 
Thermal conductivity at 300K W/cmK λ 1.57 0.014 0.011 
Young’s Modulus Gpa Y 160 73 0.65 
Poisson’s ratio # ν 0.22 0.17 0.2 
Yield strength Gpa σ 7 8.4 ? 
Specific Heat J/gK cp 0.7 1.0 0.75 
Density g/cm3 ρ 2.4 2.3 2.23 
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Figure 4.6 Equivalent stress in the pyrex lid (looking at the surface that 
interfaces with the SOI device layer) at a temperature of –65ºC calculated 
using Finite Element Analysis. Maximum stress in the order of 0.252 Mpa 
occurs at the edges and around the holes. 

All failed samples were visually inspected under a microscope 
(see Figure 4.7). Sometimes defects could be observed, but not 
on all samples. In addition, similar types of defects could also be 
observed on passed samples. Other inspection methods as 
described in [18,1] are not available for this research. Therefore 
it cannot be more specifically stated why the samples failed. 
Possible failure mechanisms are related to surface contamination, 
surface finish (flatness, roughness) and capability of the bonding 
process at the current values of bonding force, voltage and 
temperature. The anodic bonding process parameters that have 
been used are at the low side of the spectrum reported in 
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literature and not at the optimum[18]. However, the measured 
bonding strength is close to the expected value and the largest 
part of the samples passes the leakage tests after thermal and 
mechanical stress. It is concluded that the process described 
above creates an acceptable bond quality for the intended 
purpose. 

 
Figure 4.7 Top view of glass lid of failed samples inspected under an optical 
microscope (scale approximately 500µm). (a) visible crack in the top of the 
glass lid. (b) pit in the top of the glass lid, due to a hole in the etch mask. The 
pit clearly does not penetrate all the way through the glass. Similar defects 
could be observed on passed samples. These observations do not explain the 
failures. 

4.4.2 Micro contact properties. 
As an alternative to the gold metallization as described above, 

samples with a titanium (Ti)-ruthenium (Ru) layer (1000 Å/8000 
Å) deposited using a conventional sputtering setup have also 
been fabricated. The main advantage of Ru over Au is that it is 
much harder and can withstand higher temperatures. The latter 
means that there are fewer constraints on the temperatures that 
can be used during the anodic bonding. Since this metal is much 
harder it is expected that less contact damage will occur in 
comparison to Au[14]. 
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Ruthenium coverage on top of the SOI device layer as 
measured with the alpha stepper is 1µm. EDX measurements 
were performed at the top of the structures and on the vertical 
sidewalls of the device layer close to the top and the bottom. 
Since the same angle of incidence was used at all positions 
relative comparisons between Ru coverage at different locations 
can be made. From these measurements it is estimated that there 
is approximately 0.39µm Ru at the top of the side wall. Figure 
4.8 shows a SEM picture with a close up of the two contact 
members. Inspection of the contacts before the duration tests 
shows contact damage (see Figure 4.10). This is attributed to 
electrical effects on the released structures during the anodic 
bonding process. Unfortunately high resistive silicon was used 
for these samples so the influence on the initial contact resistance 
cannot be determined. Therefore only relative changes in contact 
resistance over time will be investigated in the remainder of this 
chapter. 

 
Figure 4.8 SEM pictures showing the contact position and the gaps between 
the contact members. (b) is an enlarged view of the part indicated by the 
rectangle in (a). The right part with the semispherical bump on it is the 
movable part, touching the thin opposing contact member that is fixed.Note 
that there is a small gap at the top of the contacts that can be influenced by the 
deep reactive ion etching.  
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To assess the difference in contact properties between Ru and 
Au metalized switches the open and closed resistance while 
repeatedly cold switching the contact (see Figure 4.9) was 
measured for both metallization systems. Switches were 
packaged as described above. The ruthenium covered switches 
show a marked change in behavior after roughly 106 cycles, 
compared to 104 for the gold covered switches. Switches will 
only have to change state at the time of implant and in 
exceptional cases during the lifetime of the device so it is 
expected that both of these switches can be applied in this case. 
A SEM picture of the contact surface before and after the test for 
both metalizations is shown in Figure 4.10. From these pictures a 
clear difference in the type of damage between Ru and Au can be 
seen as well. The contact damage in the ruthenium coated 
switches is much more localized then the gold coated switches. 
Both these results correspond with what was expected because of 
the higher hardness of ruthenium compared to gold. In summary, 
given the difference between the two metals described above, 
ruthenium would be the preferred choice. 

 
Figure 4.9 Resistance as a function of number of cycles for a ruthenium 
covered switch in closed and open position (cold cycled). The absolute 
resistance is very high since undoped silicon was used for these tests. 
However, the difference between closed and open resistance, and in particular 
the change of this difference over time is attributed to the microcontact 
properties. It is clear that at approximately 12x105 the contact is damaged and 
the difference between open and closed disappears. The required number of 
times a switch has to change state depends on the specific biomedical 
application. 
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Figure 4.10 SEM pictures of the movable contact part all at same 
magnification. Au and Ru coated switches (top and bottom row respectively) 
and unused and used switches (left and right column respectively). Note that 
the unused switches already show contact damage attributed to electrical 
effects on the released structures during anodic bonding. The used switches 
have gone through duration testing. Only relative changes in micro contact 
properties as a function of duration test cycles are investigated. Note the 
difference in morphology of the contact damage between gold and ruthenium 
coated switches due to the differences in material properties. 
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4.5 Conclusion 

A short review of the available packaging and feedthrough 
techniques has been presented. Anodic bonding is selected since 
it is a well known process capable of forming a hermetic seal that 
will fulfill the requirements for the targeted biomedical 
application of the MEMS switch as given in the introduction. It 
can be performed at the wafer level of which has a positive effect 
on the packaging costs. 

A process for creating hermetic feedthroughs through the lid 
has been presented. Each contact is electrically isolated in the 
SOI device layer and individually surrounded by a sealing ring. 
Structures bonded at 250 kg, 230 V, 365 ºC pass thermal and 
mechanical stress tests according to MIL-STD-883 and meet the 
requirements for biomedical applications for these aspects. 
Numerical analysis shows that the thermal stresses in the glass 
silicon stack are a factor of 20 lower then the bond strength, 
which is confirmed by shear strength measurements to be in the 
order of 20 MPa. 

It has been demonstrated that ruthenium covered contacts are 
robust for 106 cycles, which is a factor of 100 more then gold 
coated contacts. These measurements were carried out in an N2 
atmosphere inside the wafer level package. 

In summary, the anodic bonding of a glass lid with through the 
lid feedthroughs to the MEMS device passes the initial 
requirements for biomedical application. Ruthenium metalized 
switches tested inside the wafer level hermetic cavities show 
longer lifetime then gold coated switches. These results form the 
basis for further advancements towards application in medical 
devices. Future work will include a more extensive bond quality 
assessment and continued micro contact reliability 
measurements. 
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5 Analysis of the dynamics of the bi-stable 
MEMS switch 

Besides low power and small size, reliability is a major 
requirement for medical devices, especially for life saving 
applications. The first section of this chapter provides a 
theoretical basis for a quantitative approach towards reliability in 
general and a more specific treatment of MEMS switch 
reliability aspects for implantable applications. The second part 
of this chapter contains a treatment of the switch dynamics and 
its relation to switch reliability. 

5.1 Reliability 

This section first provides an introduction to reliability in 
general. Then more specific issues that play a role in reliability of 
Active Implantable Medical Devices (AIMD) and reliability of 
MEMS are described including a focused review of possible 
failure mechanisms for the particular MEMS device under 
investigation in this thesis. 

5.1.1 Reliability Theory 
Almost every discussion about reliability benefits from a 

quantitative and preferably objective approach. A reliability 
theory approach enables experimental planning, accelerated 
testing, lifetime predictions including confidence intervals, risk 
assessments when accepting lots bought from third party 
manufacturers and design for reliability too name just a few 
examples. Since this chapter deals with reliability, a description 
of the basic concepts is appropriate. 
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A generally accepted definition of reliability is: Reliability is 
the probability that an item will perform a required function 
under stated conditions for a stated period of time [1,2]. This 
definition implies that further treatment of reliability requires 
knowledge of probability theory. The improvement of reliability 
is done by identification-, studying- and elimination of failure 
mechanisms [1,2,3]. A failure is defined as the termination of the 
ability to perform a required function. A failure mode is the 
effect by which the failure is observed. A failure mechanism is a 
physical, chemical or other process that results in failure. Product 
requirements and specifications are needed to be able to state the 
required function, conditions and period of time. 

A practical mathematical approach towards reliability is given 
in [3]. The remainder of this section is a summary of that text. 
The life distribution F(t) (or “unreliability function”) is the 
probability that a random unit drawn from a population fails by t 
hours. It can also be interpreted as the fraction of all units in a 
population that fail by t hours. The reliability function R(t) = 1-
F(t), the Probability Distribution Function (PDF) f(t)=dF(t)/dt, 
the hazard function h(t)=f(t)/R(t) and the cumulative hazard 
function H(t)=∫h(t) can all be mathematically transformed into 
each other. The hazard function is also called failure rate, 
instantaneous failure rate or hazard rate. It is the conditional rate 
of failure for survivors at time t and it is expressed in failures per 
unit time (failures expressed as a fraction). 

Reliability data are generated by putting a certain number of 
test samples on test and monitoring the functionality. Examples 
of types of test data are fixed test time T with exact failure times, 
predetermined number of failures with exact failure times, 
predetermined inspection times or a mix of all of the above. 

Mathematical expressions of the functions introduced above 
can describe observed data. Examples regularly encountered in 
reliability work are the exponential distribution, the Weibull 
distribution, the normal and lognormal distribution which can be 
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applied to a variety of failure mechanisms. If the failure 
mechanism is known, the applicable model may be determined 
on the basis of theory or from existing literature. 

Parameters that describe the distribution functions can be 
estimated with use of the collected data. How well the chosen 
distribution function fits the data can be determined with for 
example the Chi-Square Goodness of Fit test. In short this 
method is based on a comparison between the observed number 
of failures and the calculated number of failures (from parameter 
estimates). This method also results in confidence bounds on the 
parameters. Graphical plotting of the data should always be done 
to reveal reasons for rejecting a model that can be obscured by 
looking at the numbers only. The best way to estimate the 
parameters is the Method of Maximum Likelihood (Maximum 
Likelihood Estimates MLE). The technique is equivalent to 
maximizing an equation of several variables. 

Collecting failure data for high reliability products takes a long 
time, too long to be of any use in a development phase. If a 
component operating under the right levels of increased stress 
has the same failure mechanisms as seen when used at normal 
stress accelerated testing can be used to reduce testing times. In 
case of linear acceleration the mathematical form of each 
accelerated distribution function can be easily derived. An 
acceleration model is an equation that calculates a distribution 
scale parameter as a function of the operating stress. Each mode 
of failure typically follows a completely different acceleration 
model. Examples of acceleration stresses are temperature, 
voltage, humidity or frequency. The Arrhenius- and Eyring- 
models are well known examples. 

5.1.2 Essential Requirements Active Implantable Medical 
Devices 

Besides fulfilling functional requirements aimed at providing 
patient benefits, every AIMD released on the European market 
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needs to conform to the applicable general requirements. These 
so called Essential Requirements and their applicability are 
described at high level in the European AIMD Directive (AIMD 
90/385/EEC Annex I). Essential Requirements cover a variety of 
product- and design- aspects ranging from the application of risk 
management to labeling, from sterilization to biocompatibility 
and from traceability to user interface. An important requirement 
is that the device must remain functional under normal use 
conditions for the device life time. These normal use conditions 
include foreseeable stresses from the outside. Most important, the 
device must be safe for both the patient and the persons working 
with it under all circumstances. There are several ways to show 
compliance to the Essential Requirements. One such way is the 
use of standards. The list with applicable standards is long. A 
particularly interesting example in the context of this chapter is 
EN 45502-1:1997 Active Implantable Medical Devices – Part 1: 
General Requirements for Safety. A device that survives the 
applicable test performed according to the description in this 
standard fulfills this part of the requirements for safety. Tests 
described in this standard that are typical for implantable medical 
applications are protection against defibrillation and Magnetic 
Resonance Imaging (MRI) and electrical surgery compatibility. 

5.1.3 MEMS reliability 
In the previous sections reliability aspects typical for active 

implantable medical applications were described both in general 
and specifically for the MEMS switch. Likewise, reliability 
aspects that are typical for MEMS will be treated in general in 
this section and specific for the MEMS switch in the next 
section. 

MEMS reliability has a number of peculiarities. Not all MEMS 
failure modes are well understood [4,5]. This is related to the fact 
that the mechanisms that cause failure of MEMS devices vary 
significantly from one type to another because of the wide 
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variety of functions that MEMS perform. [5,4]. The failure 
modes depend on materials used, fabrication approach, 
packaging and design [4,6] which are also diverse (see for 
example [7,8,9,10]). In addition not all available data are 
published and most of the time the parts are not mature and are 
not available in large numbers [4]. Even though MEMS are 
manufactured using IC like fabrication techniques, there are 
differences with IC’s. This means: the knowledge from IC 
reliability cannot be used [5]. Packaging fails to provide the 
required reliability There is a lack of knowledge in packaging of 
MEMS again due to the highly diversified functions and 
materials the lack if information flow in the industry and a focus 
on the MEMS device and process itself[5]. Some MEMS devices 
are not being commercialized because of reliability concerns. 

Nevertheless, carefully designed MEMS can be more reliable 
then conventional solutions. Many ways have been reported to 
mitigate MEMS failure modes. [4] provides a summary of good 
design practices. Computer Assisted Design Tools become more 
and more powerful. Design for test is being recognized as a good 
way to improve reliability in a structured way [4,5]. Similarity in 
basic design requirements can be used to provide a general 
procedure for developing high reliability MEMS parts [6]. This 
guideline also describes the use of technology characterization 
vehicle (TCV). This is a structure that is used to evaluate the 
effects of specific failure mechanisms on a technology. The use 
of these devices is a critical part of the qualification process, as 
they provide a wealth of knowledge about the reliability of 
structures. A standard evaluation device, or SED, is similar to a 
TCV except that a SED is not constructed out of typical design 
elements, but is instead constructed out of actual sensor and 
actuator structures. As in TCVs, SEDs should be treated in the 
same fashion as a fully functional device. Other controls 
described in [6] are parametric monitors used to measure 
properties of materials, beam stubs for layer thickness control, 
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several structures for elastic measurements, resonance beam 
structures to measure dynamical properties, several structures to 
measure stress, undercut squares to check the amount of under 
etching and fracture specimens. The guideline also contains a 
complete Qualification Testing Protocols for MEMS. 

5.1.4 Micro contact failure mechanisms 
The micro contact is the main reliability issue. In this section 

possible micro contact failure mechanisms will be briefly 
described. System level failure mechanisms are not included in 
this overview; MEMS switch level failure mechanisms (other 
then having to do with the micro contact) are included. This 
section serves as a brief overview of the possible mechanisms, a 
more detailed treatment of the dynamics of the switch forms the 
second major section of this chapter. Note that the reliability 
literature for metal contact RF MEMS switches contains failure 
mechanisms that may play a role in DC switches [11,12]. 

5.1.4.1 Materials 
The silicon dioxide and silicon of the Silicon On Insulator 

(SOI) wafer could have build in defects. A weakness in the oxide 
could influence the break down voltage from device to handle 
layer. 

5.1.4.2 Process variations 
The roughness of the sidewalls is a result of the Deep Reactive 

Ion Etching (DRIE) and post processing. Surface roughness may 
also induce local stress concentration that may result in fracture 
at other values then expected [5]. Geometric tolerances [5] of 
critical parts due to process variations influence the magnitude of 
mechanical- and electrostatic forces. Material properties depend 
on process conditions [6]. Material properties of a given material 
made on a given process need to be characterized. 
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5.1.4.3 Mechanical failure mechanisms 
The mechanical impact of contact members upon closure could 

have an influence on contact reliability. Repetitive impact of 
contact members can lead to contact pitting and hardening. 
External mechanical vibrations may influence the movable parts 
of the MEMS switch. Vibrations may induce fatigue type of 
process [5] or wear [4] that may lead to failure. Material might 
be removed from a solid surface as the result of mechanical 
action [6]. The electrostatic comb drives might move in the 
wrong direction [6]. Touching surfaces might stick [4]. Fatigue, 
creep and structural deformation can cause gradual change in the 
properties of materials [4,6]. Stress concentrators (sharp edges) 
influence the mechanical fracture strength [4] and edges of metal 
layers are vulnerable for micro cracks [2]. Mechanical stress 
changes the mechanical properties of the micro system. This can 
be temperature induced mechanical stress between materials with 
different CTE [5] or intrinsic stress in deposited layers [6]. 
Material transport due to mechanical stress relaxation can lead to 
whiskers, hillocks or voids [2]. Mechanical contact force 
influences the micro contact properties. 

5.1.4.4 Electrical failure mechanisms 
The design should incorporate the effects of parasitic elements 

between for example device and substrate [6]. Electrical fields 
can lead to material deterioration [2]. Charges trapped in 
dielectric layers influence the actuation voltage [4,2,6]. Arcing 
across small gaps as described by a modified Paschen curve 
creates damage [4]. Electro Static Discharge (ESD) can damage 
gate oxides, cause micro cracks or complete meltdown [2,6]. 
Dendrites and whiskers formed under the influence of an electric 
field can short- and open circuits [4]. Electrical potentials can 
accelerate electro chemical reactions or cause electro migration 
[4,2]. 
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5.1.4.5 Other failure mechanism 
Delamination [4,5,6], dust particles[5,2] and material 

interdifffusion [2] can have its impact on the switch. 
Contamination on-or oxidation of the contact members 
influences the contact resistance. The quality of the hermetic 
package (amongst others) determines the magnitude of these 
effects [2,5]. Low contact force makes the contact resistance 
extra sensitive to thin films [13]. 

5.2 Switch dynamics 

The switch must open and close in a predictable manner. In this 
sense it is interesting to know how the switch’ response to an 
actuation pulse depends on the dynamical characteristics of the 
switch. In addition, the bouncing of the contact members upon 
closure of the switch (which is also determined by the switch 
dynamics) might have an influence on the micro contact 
reliability as well. A good understanding of the dynamical 
behavior of the switch may lead to design- or operational 
improvements that yield a more reliable switch. First the bi-
stable MEMS switch is explained and parameters are defined. A 
numerical method to model the dynamics is described. The 
resonance- and bouncing- measurement setup and theoretical 
expectation are given. Results of simulations and measurements 
are presented followed by the conclusions. 

5.2.1 Bi-stable MEMS switch 
Design and packaging of the bi-stable MEMS switch has been 

described in chapter 3 and 4 respectively. Those parts that are 
needed to explain the measurement results in the next section are 
repeated here, complemented with additional new theory. The 
principle of operation is shown in Figure 5.1. Parameters are 
defined in Figure 5.2. 
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Figure 5.1. Schematic of the bi-stable switch, not on scale, shown in OFF 
position (a) and ON position (b). x is the displacement of the moving parts, 
were x=0 is defined at the initial position of the central beam (as fabricated). 
Fx is the mechanical force exerted on the central beam by the double clamped 
beam and the hinges, which is plotted as a function of displacement in (c). Bi-
stable behavior is generated by the double clamped beam and hinges. x0 is an 
offset distance and xc is the contact distance. The central beam can be moved 
in positive and negative x-direction by the electrostatic comb actuators. In the 
ON state the central beam is moved to the right to contact the opposing 
contact member. When the beam is displaced from its initial stable position 
(OFF state) in the positive x-direction the force becomes negative, meaning it 
is opposing the motion. At the offset position x0 the force changes direction 
and is now promoting further motion. The fixed contact member is placed at 
position xc. for maximum contact force (Fc) (stable ON state). 
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Figure 5.2. (a) Mechanical spring system in initial position (as fabricated). tl is 
the thickness and Ll is the length of the double clamped beam. th is the 
thickness, lh is the length and Lh is the arm length of the hinges. xo is the 
offset and xc is the contact position. ts is the thickness, ws is the width and hs 
the length of the contact spring. The moving contact member contains a bump 
with radius rc. The complete structure has a height h. Actuators (not shown) 
are positioned as shown in figure 1. (b). Top view of electrostatic comb 
fingers. w is the width of the fingers, g is the gap between the fingers, l is the 
overlap of the fingers, d is the tip to comb base distance and h is the height of 
the structure (l and d as fabricated). The left part moves towards the 
mechanically fixed right part. 

The capacitance C between the two parts of the actuator as a 
function of displacement x is given by [14] 
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with N the number of moving comb fingers and ε the 

permittivity of the medium between the combs. The first term is 
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the tip to base contribution (Ct) and the second term is the side-
to-side contribution (Cs). 

The attractive force Fx between the two parts of the actuator in 
x direction is given by [14] 
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Total force exerted by the hinges and double clamped beams 

on the central movable beam (figure 5.2 (a)) as a function of 
displacement is given by [15] 
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with kh, kl respectively the spring constant of the four hinges 

and the four double clamped beams given by 
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with E the Youngs modulus of the material. 
Newton’s law of inertia gives the differential equation for the 

displacement as a function of time 
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with m the mass of the structure given by 
 

ρAhm =  (5.7) 
 
with A the total area of the moving parts and ρ the density of 

the material. The mass of the metal layer on top of the silicon 
should also be taken into account. c is a friction coefficient given 
by [15] 
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c µ=  (5.8) 

 
in which µ is the absolute viscosity of the medium between the 

combs, Ac is the total sliding surface area and dc is the gap 
between the sliding surfaces. 

Fcs(x) is the contact and sticking force. 

5.2.2 Resonance 
When an ac voltage is applied to the electrostatic actuators we 

expect to excite the movable portion of the structure and a 
corresponding change in capacitance. The current through a 
capacitor is given by 
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therefore we expect a dC/dt.V component in the current, which 

gives information about the movement of the structure. The 
current is transformed into a voltage by a resistor and measured 
with a Lock In amplifier [16]. The power of the Lock In is that it 
demodulates the signal and only looks at the DC component with 
the use of a narrow bandwidth low pass filter. The demodulation 
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can be set to any desired harmonic of the reference frequency. 
The measurement setup is described in Figure 5.3. Parasitic 
effects will be discussed in the results section. 

func
Coff(ω)

com
in

amp
out

ExtRef

Vsweep X,Y

A
ExtRefLockIn

B
off

(a)R

Vsweep

Lock In (n*f)

FuncGen (f) Amplifier

Laptop

Ext ref A (b)B
R

Figure 5.3. (a) Ideal electrical equivalent of the measurement setup used for 
resonance measurements. The function generator sweeps the frequency of an 
ac voltage which is supplied to the electrostatic actuator (Coff(ω)) after 
amplification. The current is transformed to a voltage by the resistor R and 
measured differentially by the Lock In amplifier. The Lock In is set to 
measure the in- and out of phase component of the current (X and Y) at a 
specific multiple of the reference frequency supplied by the function generator 
(ExtRef). A laptop equipped with data acquisition card (NI-DAQ) records X, 
Y and Vsweep which is proportional to the frequency. (b) Schematic 
representation of the actual physical setup. 

The ac voltage (after amplification) imposed on the off actuator 
is defined as 

 
tiVe ω=V  (5.10) 

 
The resulting current after some rearrangement is 
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where Xω is the solution of (5.6) and Coff,0 is the initial as 
fabricated capacitance of the OFF actuator. Further calculations 
involving the influence of the parasitics is done in the results 
section. 

5.2.3 Bouncing 
The measurement setup for observing contact bouncing has 

been described in chapter 3. Another setup that was used is 
shown in Figure 5.4 Measurement setup for contact dynamics. 
The function generator provides a pulse on a manual trigger. The 
oscilloscope captures this in single shot mode. The resistors on 
the actuation side are optional.. 
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Figure 5.4 Measurement setup for contact dynamics. The function generator 
provides a pulse on a manual trigger. The oscilloscope captures this in single 
shot mode. The resistors on the actuation side are optional. 

 

5.2.4 Numerical Simulation 
For comparison with theory the dynamics equation (5.6) is 

numerically solved using a variable time- and displacement step. 
The contact is modeled as a linear spring with spring constant kc 
resulting in a contact force 

 
)( ctcc xxkF −−=   (5.14) 

with xt the displacement at time t. Each time the movable part 
makes first contact with the fixed contact member the total 
energy of the system (kinetic and spring) is reduced with an 
amount that is a factor e of the total. When the contact members 
are in contact and xt becomes smaller then xc a sticking force is 
added to the equation. This sticking force is equal an opposed to 
the contact force until a certain maximum sticking force, after 
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which the contact members are released and the fixed contact 
member is reset to the initial position. 

The structure of the program is as follows. 
1)Initial Conditions 
Time window, nominal time step, maximum displacement, 

start position of switch, variables to store, mass of moving part, 
constant multiplier to arrive at electrical force as function of 
voltage, mechanical spring force as function of displacement, 
contact position and contact spring constant 

2)Calculate forces on moving structure at time t 
The electrostatic force Fe is provided by defining a voltage as a 

function of time (various scenarios). The contact force Fc and 
related contact phenomena are calculated. The maximum sticking 
force Fstick is defined. Energy loss due to non elastic collision is 
defined (e). The voltage over the contact is calculated to be able 
to simulate an observable property. Four different regimes of 
switch movement are distinguished. 1)first time the contact is 
closing, 2)the contact is opening and might be sticking, 3)the 
contact is closing and has not touched yet, 4)the contact is 
closing while sticking. The damping force Fd is calculated with 
the damping coefficient c and the mechanical force Fm is taken 
from the (bi-stable) force displacement relationship. Finally the 
total force Ft on the moving structure is calculated by summing 
all forces and this is translated in the acceleration at = Ft/m. 

3)The values are stored the next time step is determined and the 
new values at that time step are calculated. The initial 
assumption is that the time step is dt, unless the structure 
displaces more then dx. In this case the time step is decreased 
until the displacement is equal to dx. If the structure approaches 
the contact within 1um, the resolution in displacement is 
increased to 0.1um, if within 0.1um it is increased to 0.01um and 
if within 0.01um it is increase to 0.001um (1nm). The new values 
are t = t+tstep (new time for coming calculation), xt = xt + 
tstep*vt (position at new time, based on velocity and position at 
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old time) and vt = vt + tstep*at (velocity at new time, based on 
velocity and acceleration at old time). Note that the new 
acceleration will be calculated in the loop based on the new 
position and time. Step 2) and 3) are done inside a loop until the 
specified end time is reached. 

4)Plot results 
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5.3 Results 

Two sizes of bi stable switches have been fabricated, “small” 
and “large”. Typical parameter values are given in Table 5.1. 

 
Table 5.1 Parameter values for large and small bi stable switches (parameters 
as defined in Figure 5.2) 

Parameter Description Large Small Unit 
l Overlap of comb finger 20 20 µm 
w Width of comb finger 4 4 µm 
g Gap between comb fingers 5 3 µm 
d Tip-base distance combs 15 15 µm 
h Height of combs 80 80 µm 
Lh Total arm length of hinges 500 300 µm 
lh Length of hinges 100 100 µm 
th Thickness of hinges 4 4 µm 
tl Thickness double clamped 

beam 
11 9 µm 

Ll Length double clamped beam 180 120 µm 
x0 Offset 8 5 µm 
xc Contact position 10 10 µm 
N Number of moving fingers 300 40 # 
 

5.3.1 Resonance 
First the parasitic effects of the experimental setup shown in 

Figure 5.3 will be discussed. Both inputs to the Lock In form a 
very large impedance in parallel to the impedance that is being 
measured, so both inputs will see the correct voltage. Likewise 
the cable from the source has a low series resistance and a large 
parallel resistance compared to the impedance to be measured so 
it is supplied with the intended voltage. The parasitics of the 
measurement resistor are neglectable. The only important factor 
is the capacitance of the package Cp that holds the MEMS switch 
which is in parallel to the capacitance Coff to be measured. The 
measurement resistance R is much smaller then the impedance of 
Coff//Cp or Cp alone (empty package). This means that the 
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voltage over Coff/Cp is almost the same as over Cp alone. 
Therefore the empty package current can be subtracted from the 
total current with component to arrive at the current through Coff 
(or any other component in the package). This is of course only 
true if both measurements are repeated under the same 
conditions. This gives an error of approximately 0.01% and this 
method will be used for the remainder of this chapter. With this 
method an empty socket capacitance of 1.4pF is found, and a 
capacitance of 6.7pF for a capacitor with capacitance of 6.8pF 
(measured with HP LCR meter). 

 
The parasitics in the MEMS switch itself are illustrated in 

Figure 5.5. The parasitic capacitance values are estimated using a 
parallel plate approximation of the opposing surfaces of the two 
parts. The parasitic capacitance in the device layer excludes the 
intentional (non parasitic) capacitance of the comb actuators. In 
our case the OFF capacitance is measured, all other pads are 
grounded and the substrate is floating. The result is that a 3.8pF 
parasitic capacitance parallel to the capacitance to be measured 
needs to be taken into account. 
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Figure 5.5. (a) Parasitic capacitances on the MEMS switch. Parasitic 
capacitances arising from the package are not shown. (b) Visual representation 
of type of parasitics. 

With these parasitics the ideal circuit (Figure 5.3) is still true 
and equation 5.11 for the current can still be used if Cp is added 
to Coff(ω) and we remember that Coff,0 (equation 5.12) includes a 
parasitic capacitance as quantified above. Now the expression for 
the current will be written in terms of powers of eiωt in order to 
compare with the measured value of the Lock In at multiples of 
ω. The enumerator of equation 5.11 can be expanded in a Taylor 
series around zero since ωR(Cp+Coff(ω))<1e-3<<1. This gives: 

 
VCCI ))(1)(( 0,0, ωω ωωω RiCCRiCCi offpoffp −+−++= (5.15) 
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Cω (equation 5.13) provides the link to the switch dynamics 

(equation 5.6) if the solution Xω.is known. An analytical solution 
is found making the following approximations: 

1) Small displacements around the OFF position (x=0) 
1.1) Discard the contact and sticking force term (Fcs in equation 

5.6). 
1.2) Expand the mechanical force Fsprings (equation 5.3) in a 

Taylor series around x=0 and discard all second order and higher 
order terms. We arrive at Fsprings(x)=-k*x+O(x2) 
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2) Discard the tip to base capacitance contribution (first term in 
equation 5.2). This makes it possible to write Fx(V,t) = cv*V2, 
independent of displacement x with cv=Nεh/g. Note that due to 
the current to voltage converting resistor R, the amplitude of the 
ac voltage over the actuators is not exactly equal to V, but is a 
function of ω. To be exact, it is 
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However, the term in the enumerator is approximately equal to 

1 (see above), so V(ω)=V is assumed. 
 
With these approximations equation 5.6 reduces to 
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Note that the frequency of the electrical force is doubled with 

respect to the imposed frequency of the voltage. If we write 
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the solution for X(ω) and φ(ω) is 
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with resonance at 2ω=2ω0=√k/m. 
 
Supplementing equation 5.20 in equation 5.13 and equation 

5.15, after rearranging and again approximating a (1+ωRC) term 
by 1 the following theoretical expectation for the current in the 
first three harmonics is found 

 
VCCi offp )( 0,+ω   First harmonic (5.21) 

No current in second harmonic 
 

)()( ωϕωω i
x eXVci   Third harmonic (5.22) 

 
The first harmonic contains information about the initial 

capacitance and the third harmonic contains information about 
the resonance of the movable structure. 
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The resonance frequency is first determined optically under a 
microscope (see chapter 3). Then the start- and stop frequency of 
the sweep can be determined. Next the sweep time, number of 
steps and time constant of the Lock In need to be chosen. A trade 
off between measurement time and signal to noise ratio needs to 
be found. The sweep time and number of steps gives the time per 
step. The start- and stop frequency and the number of steps 
determine how much the frequency changes per step. At each 
new step the Lock In needs to make a transition to a new output 
value. The time it takes to reach 90% of final output after a step 
input (the waiting time) is given by a multiple of the time 
constant. The waiting time must be smaller then the step time, so 
this determines an upper limit on the time constant. On the other 
hand, the time constant is inversely proportional to the bandwidth 
of the low pass filter. That means the higher the time constant the 
lower the noise. For our situation it was found that 100 sec sweep 
time, 2048 points and 10 ms time constant gave satisfying 
results. This sweep time is low enough that it could for example 
be used in manufacturing for control purposes. 

Data are acquired at 1 kHz and imported into Matlab. The 
measured voltage is calculated from the Lock In output using 
offset, expansion and sensitivity settings. The samples in one 
frequency step are averaged and in addition, the data are moving 
averaged over a 40Hz frequency range.  

The OFF actuator capacitance Coff,0 for a small switch based 
on measurement of the current in the first harmonic is 3.3pF 
(corrected for 3.8pF MEMS parasitic and 1.8pF empty package 
parasitic) to be compared with theoretically expected 3.1pF. A 
comparison of the measured current in the third harmonic with 
the theoretically expected current for a large bi stable switch is 
given in Figure 5.6. 
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Figure 5.6 Magnitude (in A, left graph) and phase (in rad, right graph) of the 
third harmonic of the current as a function of ω (rad/sec) for a large bi stable 
switch. The solid line is the measured data, the dotted line is the theoretical 
expectation. The theoretical expected value is calculated using the equation 
for X(ω) and ϕ(ω) in the mechanical domain and the link to the electrical 
domain via C(ω) as described in detail above. Note that the theoretically 
expected spring constant and damping coefficient have been adapted with a 
factor of 0.68 and 50 respectively in order to shift the position and width of 
the resonance peak respectively. 
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Figure 5.7 Measured in phase component of the current in the third harmonic 
(in A) as function of omega (rad/sec) for a single small bi-stable switch for 
various amplitudes of ac excitation voltage. The Vrms amplitude of the 
excitation voltages are 14.2, 12.7, 11.3, 9.86, 8.44 and 7.03 from bottom to 
top. The markers indicate the frequency at the minimum current. This 
frequency changes less then 1% as a function of excitation amplitude. 
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Figure 5.8 Measured in phase component of the current in the third harmonic 
(in A) as function of omega (rad/sec) for three different large- and small- bi-
stable switches. The markers indicate the frequency at the minimum current. 
Note the small switches show larger deviation in resonance frequency. 

Table 5.2 Comparison between the resonance frequency (ω) as determined 
from the measurements as shown in Figure 5.8 and the actuation voltage (Va) 
as measured electrically with optical view on the switch. The ratio of the 
actuation voltage and the resonance frequency is 22.7±0.3 V/104rad/s. 

Switch ω(rad/sec) Va (V) 
S1 4.7406e+004 105.8±0.2
S2 5.3606e+004 122.6±0.1
S3 4.9567e+004 110.9±0.1
B1 1.4318e+004 32.4±0.2 
B2 1.5037e+004 34.2±0.1 
B4 1.4897e+004 34.5±0.3 
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5.3.2 Bouncing 
Measured and simulated bouncing behavior is shown in Figure 

5.9.  
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Figure 5.9 Part of a scope screenshot (left) and simulation (right) of the 
contact voltage (vertical axis in V) as a function of time (horizontal axis). The 
contact voltage is high in open position and low in closed position. The switch 
is initially in open position and is actuated with a 250µs voltage pulse starting 
at t=0. The contact bounces and then closes.  

The measurement and simulations are performed as described 
in section 5.2.3 and 5.2.4. The spring constant kc was calculated 
using finite element analysis (pro Engineer) to be 38461 N/m. A 
sticking force of maximal 15 µN is used based on previous 
measurements (see chapter 3). All other values used in the 
simulation are calculated using the theory described in section 
5.2. 

5.4 Discussion 

The dynamical response of the switch to actuation pulses of 
different widths is shown in Figure 5.10. 
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Figure 5.10 Measured switching behavior from OFF to ON for actuation pulse 
with constant amplitude and different pulse length. The square pulses are a 
measure for the actuation pulse (pulse width given in text below each graph). 
The contact voltage indicates the switch response and is the trace that changes 
from high to low voltage (if the switch closes). Starting from the upper left 
corner, the observed behavior is switching (5ms pulse) via bouncing (250µs) 
to barely switching (125µs) and not switching at all (100µs). 

 
 
The voltage needed to close the switch is not significantly 

influenced by the pulse width of the actuation pulse over the 
range as given above. The actuation force is proportional to the 
square of the voltage and always attractive. If the frequency is 
high enough it is seen as an effective constant force, which is 
demonstrated in (Figure 5.11). 
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Figure 5.11 Closing (left) and opening (right) of the switch using an ac 
actuation voltage.  

MEMS test, measurement and simulation are active research 
fields and some work relates to the material presented in this 
chapter [17,18,19,20,21,22,23,24]. 

5.5 Conclusion 

Reliability theory provides a quantitative basis that enables 
experimental planning, accelerated testing, lifetime predictions 
including confidence intervals, and design for reliability. Typical 
Active Implantable Medical Device Essential Requirements are 
protection against defibrillation and Magnetic Resonance 
Imaging (MRI) and electrical surgery compatibility. MEMS 
reliability is different from IC reliability for a variety of reasons, 
like the diversity in processes and functions, the lack of large 
sample sizes and test data and the unknown character of some 
failure mechanisms. Nevertheless carefully designed MEMS can 
be highly reliable and good design practices and guidelines have 
been proposed. Reliability tools like Computer Assisted Design 
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and Design for Test are progressing. A large range of possible 
failure mechanisms has been formulated for the MEMS switch, 
including mechanical, electrical, material, processing and other 
type of failure mechanisms. 

The theory of the dynamics of the MEMS switch has been 
given. An experimental and theoretical method to describe 
resonance and bouncing behavior is given. Measurements of 
resonance peaks not only provide the location of the resonance 
frequency, but also provide a measure for the degree damping of 
the structure. The electrical method that is described in this 
chapter is applicable for automated reliability screening during 
manufacturing. A 125µs pulse is sufficient to switch from OFF to 
ON state. The required pulse amplitude is not influenced by the 
pulse width. 
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6 Discussion and Outlook of the Bi-Stable 
MEMS switch 

In this chapter the most important bi-stable MEMS switch 
properties will be recapitalized, an outlook on the topic of 
controlling MEMS is provided and system level aspects are 
discussed. 

6.1 MEMS switch versus FET 

Some specific properties of bi-stable MEMS switches generally 
are considered as advantages in comparison to FET switch 
specifications. In this section these properties are reviewed, 
namely power consumption, DC breakdown, ESD sensitivity and 
leakage current. Some attention will be given to system level 
aspects when comparing specifications 

6.1.1 Power consumption 
The bi stable MEMS switch needs approximately 0.2nJ to 

change state, compared to 25nJ for a FET. In a fixed state, the bi-
stable switch does not consume power while a FET switch needs 
approximately 2µW. It is interesting to compare the current drain 
per stim pulse of the two implementations of this concept (with 
bi-stable MEMS or with FET) at system level. The FET solution 
needs to be powered all the time to keep the switch state. The 
current drain to drive the cable capacitance (assumed 1000pF)is a 
factor of 30 larger then the current required to drive the FET chip 
itself (3nA). Assuming a 10V stimulation amplitude in a 
stimulation load impedance of 500Ω with a pulse width of 10ms 
this can be seen as a 5% overhead on the stimulation current. The 
lifetime of an implantable device with FET-programmable 
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electrodes could be increased with 5% by using bi-stable MEMS 
switches. The number of stim pulses between state changes of 
the bi-stable switch needs to exceed only 300 pulses to cross the 
5% level (bi-stable switching energy as percentage of energy in 
stim pulses). Since this is a comparison between two non existing 
technologies and it depends on assumptions this number should 
be interpreted as a first estimate of the order of magnitude. Even 
though the energy savings are not enormous they are interesting 
for implantable devices. 

6.1.2 DC Breakdown 
Breakdown could occur through the silicon dioxide between 

SOI device- and handle layer or through the gaps between the 
structures in the SOI device layer. A literature value for the 
breakdown of silicon dioxide is 10e7 V/cm [1], a typical oxide 
thickness is 2µm, so the theoretically expected breakdown 
voltage is 2000V. The breakdown through an airgap is described 
by the Paschen curve and for gaps smaller then 4µm by a 
modified Paschen curve [2]. For an airgap of 11µm filled with air 
at 1bar pressure the breakdown voltage is approximately 330V. 
The breakdown between the drain and the source of a FET is in 
the order of 5 to 20V [1]. 

6.1.3 Electrostatic Discharge (ESD) 
Voltages in the range of 100V to 20kV can exist on materials 

due to static electrical charges. This voltage may be discharged 
through oxide breakdown, junction short circuits or cracks 
between isolation regions. Low voltage electrostatic pulses can 
damage gate oxides without causing complete breakdown. Non 
damaging voltage pulse can cause micro cracks that are a 
reliability hazard. Unprotected MOS components are classified 
as Class 1 ESD sensitivity (0-1kV) [3]. 

It can be expected that electrostatic MEMS are sensitive to 
ESD. A standard for ESD sensitivity testing exists (JEDEC 
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STANDARD Electrostatic Discharge (ESD) Sensitivity Testing 
Human Body Model (HBM) JESD22-A114-B. The electrostatic 
discharge pulses specified in this standard can be generated with 
special equipment (ESD simulator, NSG 435, Schaffner). Due to 
the small size of the MEMS device under test special test fixtures 
are needed to be able to impose this pulse on the MEMS. At this 
moment it is estimated that the MEMS switch belongs to the 
same Class 1 as the FET in terms of ESD sensitivity. 

6.1.4 Leakage current 
The leakage current is the direct current between the two 

contact members in open state. For the bi-stable MEMS switch 
no direct current can flow through the air gap between the two 
contacts (except breakdown current, see above). Current can flow 
from one contact member through the silicon oxide to the handle 
layer and back through the oxide to the other contact member. 
The direct current resistivity of silicon dioxide at 25°C is 
1x1012Ωm [1]. Together with pad areas of 8.6x10-8m2 and 
7.0x10-7m2 for the two contact members and an oxide layer of 
2µm this gives a total resistance of 2.6x1013Ω. 

The leakage current through a FET switch is the drain source 
current with the FET in off state. This can be approximated by 
the reverse bias current of a diode. The current becomes more or 
less independent of the voltage for qV/kT=2, corresponding to 
approximately 0.6V (q is the electron charge, k is Boltzmann 
constant and T is the temperature). The leakage current of a 
diode with 2.5x1015cm-3 doping at 20°C is approximately 7x10-

10A [1]. For comparison, at a voltage of 0.6V the leakage current 
through the MEMS switch is 2.3x10-14A. 

6.1.5 MEMS switch vs. FET switch 
The MEMS and FET switch properties discussed in the above 

are summarized in Table 6.1. Size and contact resistance have 
been added to this table. 



Discussion and Outlook 199 

 
Table 6.1 FET- and MEMS switch properties. *Through the air gap, the oxide 
breakdown is 2000V. 

 FET MEMS Unit 
Power in ON or OFF 2 0 µW 
DC Breakdown 5-20 330* V 
ESD 0-1 0-1 kV 
Ileakage 7x10-10 2x10-14 A 
Size 550x275 637x550 µmxµm
Contact resistance 20 5 Ω 

 
The MEMS switch retains its setting in the absence of power and 
therefore, would be safer. The increased lifetime due to lower 
power consumption is important for implantable devices that 
cannot be recharged. The lower contact resistance of the MEMS 
switch leads to additional energy savings. The MEMS switch has a 
higher break down voltage which corresponds to better intrinsic 
protection of the switch against high voltages. The MEMS size, 
although larger then the FET, is within the requirements. 

6.1.6 Recommendations 
The bi-stable MEMS switch as benchmarked in the previous 
sections versus a FET switch could be further improved. The size 
could be further reduced by increasing the actuation voltage (see 
also next section on MEMS control). Increased isolation resistance 
would be possible by working with “Silicon On Anything” and 
selecting a good insulator as the substrate. The breakdown voltage 
between open contacts could be increased by increasing the 
distance between contact members. This results in a larger force 
that has to be overcome (if the rest of the switch is kept constant). 
Combined with a higher actuation voltage this would be possible. 
Ruthenium, Rhodium and Gold/Nickel are contact metals that are 
generally used for micro contacts. Which one functions best can 
only be determined experimentally for this particular design. The 
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design can then be improved by eliminating experimentally 
identified failure mechanisms. 

6.2 MEMS control 

Small size is an important device metric, required to be able 
to reach small veins and more in general to minimize the foreign 
body impact. Consequently we have made the bi stable MEMS 
switch as small as possible, while still having a reliable contact 
behavior. Apart from the choice of contact metal and contact 
topology, the micro contact reliability is determined by the 
contact force, which is directly related to the switching force in 
our design. The smaller the structure, the smaller the area 
available for the electrostatic actuators and hence the larger the 
voltage must be in order to generate the required switching force. 
This leads to a required actuation voltage in the order of 150V to 
200V. There is a need for a system to control the state of the bi 
stable electrostatic MEMS switch and a means to generate the 
actuation voltage from a lower supply voltage. It can be stated 
that this need is in general true for (electrostatic) MEMS devices. 
It is clear that small size is also an important requirement for 
such a system, not only for implantable applications, but for 
many other applications as well. The availability of Small Smart 
Modules will increase the ease of applicability of MEMS 
components and are of great interest to the MEMS community. 
This section will provide and outlook on ways to interconnect 
MEMS with an IC and ways to generate high voltage in various 
levels of integration. 

6.2.1 MEMS IC interconnect 
One of the main aspects of incorporating a MEMS component 

into a smart module is connecting the MEMS to an integrated 
circuit and possibly some discrete components. The end user of 
the smart module interfaces with this multi component (sub) 
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system at an application oriented level and does not need to be 
concerned with MEMS component level details. The outlook on 
MEMS IC interconnect is split in three conceptually different 
classes: first a separate MEMS die and IC next to each other, 
second a separate MEMS die and IC stacked on top of each other 
and three MEMS-IC integration. 

6.2.1.1 MEMS next to IC 
A typical smart module has electrical interconnects to the 

outside and internal electrical interconnects between MEMS and 
IC. Movable MEMS structures are protected from damage and 
dust by a seal. A hermetic seal is required when a controlled and 
stable environment is necessary for functional reasons. In that 
case it should be possible to electrically connect structures inside 
the MEMS package without disturbing the long-term stability of 
the environment created inside the cavity. The various options 
for creating a hermetic seal and feedthroughs have been reviewed 
earlier [4]. Briefly, the hermetic seal can be made by direct 
bonding, anodic bonding, bonding using an intermediate layer 
and thin film encapsulation. The feedthroughs can be “Under the 
lid”, extending out of the package in lateral direction in the plane 
of the substrate and lid or “Through the lid”, extending out of the 
package in vertical direction, perpendicular to the plane of the 
substrate and lid. For the “MEMS next to IC” concept the MEMS 
die and IC are placed next to each other on an interconnection 
substrate to which each of the chips is interconnected 
individually. This can for example be done on a hybrid circuit 
substrate[5]. Wirebonding and injection molding in lead-frame 
based packages of thin film encapsulated MEMS has been 
reported in [6]. 

6.2.1.2 MEMS – IC stacking 
To save area but still keep separate processes for functionally 

different parts, the MEMS die and IC can also be stacked in the 
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third dimension. A small hermetically sealed MEMS die with 
feedthroughs like described above could be placed on top of a 
larger IC and electrically interconnected to it by conventional 
wirebonding. If the IC is smaller then the MEMS die the order of 
stacking can be reversed. If both parts have comparable area, 
space can be saved by having surface array interconnects 
between the two. One extreme case is described in [7] in which 
the MEMS structures are electrically interconnected and 
transferred to the IC by using an intermediate carrier substrates, a 
dissolved wafer like approach and a self aligned interconnection 
system that is robust for differences in height. 

There are some examples of MEMS structures that are 
hermetically sealed with a silicon wafer. If the sealing process is 
CMOS compatible and there exists a way to make electrical 
interconnects between lid and MEMS inside the cavity at the 
same time, an IC could be used as the lid. Sealing and electrical 
interconnection at the same time have been demonstrated using 
the same metal as is used for the sealing [8,9,10] and with the use 
of mechanical press contacts between metallization on the lid and 
substrate[11,12,13]. 

IC stacking and wirebonding is common practice in the 
semiconductor industry to achieve the small packaging volumes 
required for mobile phone applications as for example done by 
ASE (http://www.asetwn.com.tw ). The trend is clearly towards 
putting more and more functionality in a smaller space, leading 
to various concepts like System In Package[14,15], System On 
Chip or Integration in Substrates [16,17] and also area array 
interconnects[18]. The wafer bonding techniques in combination 
with high density electrical interconnects lead in the direction of 
3D chip[19,20,21] and the semiconductor industry is investing in 
the MEMS market[22]. If these interconnects are through the 
wafer, multiple die stacks can be made. Through wafer 
interconnects through the MEMS die also allow interconnect to 
the IC with minimal loss of space while still having the front 

http://www.asetwn.com.tw/
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MEMS side in contact with the outside environment[23]. There 
are many ways to make these as reported in literature. The 
MEMS transfer process described above can be repeated several 
times and extended to 3D packages[24]. Power transistors with 
through wafer vias made using a laser ablation process, 3D –
metalization and -lithography are described in [25]. The 
Fraunhofer institute has developed an InterChip Via Technology 
(http://www.izm.fraunhofer.de) and many other techniques have 
been published [26,27,28,29,30,31,32,33]. 

6.2.1.3 MEMS IC integration 
In this concept it is possible to make MEMS structures and 

integrated circuits on the same substrate by using compatible 
fabrication processes. This may lead to process complexity and 
may compromise performance[23]. On the other hand this 
approach solves the interconnection between MEMS and IC at 
the circuit manufacturing level. One example is a thin film 
encapsulated surface micro machining process completely 
compatible with a standard BiCMOS process[6]. In [34] a bulk 
micromachining process can be performed on the same substrate 
as a CMOS process by using deep trench isolation technology. A 
CMOS compatible pressure sensor is described in [35] and there 
are many others[36]. When placed next to each other in one 
substrate only the area used for interconnects is saved compared 
to the first category, assuming negligible area is consumed by the 
integrated interconnections. There are also processes that allow 
manufacturing of the MEMS structures on top of CMOS 
structures [37]. One MEMS IC integrated process allows 
manufacturing of the IC on top of the MEMS structure in the 
same substrate[38]. One other group has reported a new process 
to create MEMS and (simple) IC structures at the same time, 
rather then doing a MEMS process on a CMOS wafer or the 
other way around[39]. 

http://www.izm.fraunhofer.de/
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6.2.2 High Voltage MEMS control 
In many cases design trade offs for electrostatic MEMS 

applications result in actuation voltages higher then the available 
supply voltage. For the moment this will be referred to as high 
voltage. In addition there are non-MEMS applications for 
example in the automotive and display industry that also require 
a high voltage. Therefore there is a need to generate a high 
voltage from a low(er) voltage. An outlook on methods to 
generate high voltage and ways to integrate high voltage 
generation is given in this section. 

6.2.2.1 High voltage generation 
Charge pumps can be used to generate a high voltage. If one 

considers a charged capacitor as a bucket full with electrons, the 
high voltage is generated by pumping more electrons in this 
bucket. In the case of switched capacitors, a number (N) 
capacitors (with capacitance C) that are connected in parallel are 
charged to a voltage V. The capacitors are then switched in series 
resulting in a total capacitance C/N charged to N*V (in the ideal 
case). If this series of capacitors is discharged in a load with a 
capacitance C2<<C/N, the load will see approximately N*V in 
voltage. A somewhat similar approach consists out of a circuit of 
diodes and capacitors, a DC input voltage and a single switch. 
With every switch charge redistributes over the capacitors and 
the diodes force it to flow into the next level of capacitor, adding 
to the voltage at the output. The output voltage that these circuits 
can achieve depends (amongst others) on the loss of charge into 
parasitic capacitors of the circuit, the leakage rate in relation to 
the switching speed, the switching speed of the components and 
the voltage to start with. A Cockcroft-Walton voltage multiplier 
uses the same diode capacitor scheme but and AC input voltage 
[40]. 

Resonance effects can generate high amplitudes out of small 
driving force under the correct conditions. In electricity the LC 
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resonant circuit is a well known example. When the circuit is 
switched at the right time, a large overshoot is generated that can 
be used to charge a capacitor. In the micro electro mechanical 
domain a resonating mechanical spring-mass system can 
generate high voltages. In Coulomb damped resonators operated 
at constant charge, the voltage across the capacitor plates 
increases linearly with separation [41]. 

Transformers are in general use to change the ac voltage from 
primary to secondary. Piezo transformers perform the same 
function via a mechanical coupling between primary and 
secondary side and electrical mechanical transduction by the 
Piezo effect. Integrated transformers are being reported in 
literature, but not with very high gains [42]. A flyback converter 
is an easy way to develop a high voltage from a low voltage 
input. The output voltage is not determined by the turns ratio of 
the transformer. It is not really a transformer. Instead, energy is 
stored in the inductor as a magnetic field during the primary “on” 
phase and then delivered to the secondary during the secondary 
“flyback” phase. Typical flyback converter topologies have a 
ferromagnetic material as a core to increase the inductance of the 
windings as well as an output diode to prevent current during the 
“on” phase. Voltage step up circuits are available from for 
example Maxim. The MAX1771 generates voltages up to 300V 
using an external coil (http://www.maxim-ic.com). 

6.2.2.2 Integration of high voltage generation 
We have stated before that small size is an important 

requirement for many applications, including the ones that need a 
high voltage. Therefore there is a need for integration of the 
above mentioned principles since integration is the solution with 
the smallest size. An integrated circuit that can handle high 
voltage and has integrated high voltage generation capability 
would be preferred. There are many semiconductor 
manufacturers that have developed high voltage processes. A 

http://www.maxim-ic.com/quick_view2.cfm/qv_pk/1030
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family of 100V Bipolar CMOS DMOS processes on SOI has 
been presented in 2000 [43]. Processes up to 500V available as 
foundry service are described in [44]. These processes can also be 
compatible with low voltage processes on the same substrate, in 
order to make high voltage circuits that can interface with the 
low voltage world [45,41]. Integrated high voltage generation in 
a System In Package (SIP) containing a programmable 
microcontroller, a programmable DC/DC converter, a multi 
output HV interface and electrostatic MEMS actuators is 
described in [46]. A fully integrated high voltage CMOS DC-DC 
up converter for ultrasonic transmitters is presented in [47]. 

6.3 System level aspects 

A smartlead as introduced in chapter 3 needs more then a 
packaged MEMS switch to function as a complete system. The 
two main aspects are smartlead packaging and communication 
between smartlead and IPG. The most straight forward solution 
for the packaging is to use a hermetic metal housing and 
feedthroughs as they are used today for chronic implantable 
medical devices. The communication part is most conveniently 
done by dedicating one electrical connection between smartlead 
and IPG to this purpose. The more electrodes are addressed over 
this wire, the less important this dedicated wire becomes. 

Adding more electrodes is aimed at addressing the need to 
simplify the clinical procedure and improve therapy. It is clear 
that the required increased system complexity to be able to 
address the electrodes may not lead to reduced overall system 
reliability. 

6.4 Conclusion 

The bi-stable MEMS switch has advantages in comparison to a 
FET switch in the area of power consumption, DC breakdown 
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voltage, leakage current and contact resistance. The MEMS 
switch retains its setting in the absence of power and therefore, 
would be safer. The MEMS size, although larger then the FET, is 
within the requirements. 

There is a general need for a small smart system to control 
MEMS and a means to generate a high actuation voltage from a 
lower supply voltage. The availability of Small Smart Modules 
will increase the ease of applicability of MEMS components, 
which is of great interest to the MEMS community. An outlook 
has been provided on three conceptually different ways for 
MEMS IC interconnect, namely MEMS die and IC next to each 
other, a separate MEMS die and IC stacked on top of each other 
and MEMS-IC integration. Several ways of (integrated) high 
voltage generation have also been given. 

A lot of MEMS switch material is being published or appears 
as result of new searches and there are several companies active 
in the field of MEMS switches ([48,49,50,51,52,53,54,55,56] 
http://www.teravicta.com ; http://www.radantmems.com ; 
http://www.nais-e.com/relay/mems ; 
http://www.mems.mech.tohoku.ac.jp ; ). Further developments 
could be in the area of chip scale implantable medical devices 
and micro electrodes. 
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7 Final Conclusions 

A large range of microsystems is being investigated for 
implantable applications. Sensors, micro electrodes, drug and 
gene delivery devices, micro machined ultrasound transducers, 
MOEMS, micro actuators, surgical tools, micro surface topology, 
micro fabricated bio degradable scaffolds and other examples 
have been presented. These micro systems find application in a 
wide range of clinical areas including cardiology, neurology, 
ophthalmology, orthopedics, drug delivery (for various clinical 
areas), surgery, endocrinology, tissue engineering etcetera. There 
are 105 active and 70 commercial end items from a total of 142. 
The majority of the 37 passive end items (25 of 37) are 
prototypes or animal research devices created by academic 
organizations. From the 105 active end items, 18 (13% of total 
number of end items) are classified as products, all made by 
commercial organizations. Note also that from these 18 products, 
there are only 2 for chronic use. There is still considerable 
potential for permanent implantable micro system products to 
come, judged by the number of end items in clinical- (17), 
animal- (13) and proto- (20) phase in this category. The path 
from academic research to commercialization, clinical trials and 
market introduction of permanently implantable products is long, 
however, as indicated by the average year of first publication of 
end items that are still in the animal- (1994, n=7) or clinical- 
(1993, n=11) phase. The major technology-market combinations 
are Sensors for Cardiovascular, Drug Delivery for Drug Delivery 
and Electrodes for Neurology and Ophthalmology applications. 
Together these form 51% of all end items. Pressure sensors are 
the most common type of sensors and there is just one product 
(considered to be an implantable micro system) in the 
neurological area. Hermetic housings are traditionally made from 
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titanium, tantalum or niobium. Micro machined ceramic 
packages, glass sealed packages and polymer encapsulations are 
also used. Glass to metal seals are used for feedthroughs. 
Interconnection techniques like flip chip, wirebonding or 
conductive epoxy as used in the semiconductor packaging and 
assembly industry are also applied for manufacturing implantable 
devices. Coatings are used to improve the interface of the 
implant with the body organs with polymers or metal as coating 
material. Much development effort is put in implantable 
batteries. As an alternative, rechargeable batteries were 
introduced or concepts in which energy is provided from the 
outside based on inductive coupling. Long term developments 
aiming at autonomous power are for example based on 
electrostatic conversion of mechanical vibrations. 
Communication with an implantable device is usually done 
through an inductive link although optical means also have been 
reported. Entirely passive circuits that can be wirelessly probed 
to communicate information from inside to outside the body have 
been described. A list of biocompatible and biostable materials 
does not exist, since the mechanisms involved depend on many 
details, like material processing, shape, finish, post treatment and 
impurities but also on the place and duration of use. There is a 
large range of materials commonly used in micro fabrication 
used for implantable microsystems including silicon, polymers 
and metals. 

A bi-stable micro electro mechanical switch has been designed 
and prototyped with a measured initial contact resistance of 
approximately 5Ω. Breakdown voltage between the two contact 
members in OFF state is 300V, while breakdown between 
actuators and contact member occurs at 150V. The energy 
needed to change state is estimated to be 0.2nJ. The switch is bi-
stable, meaning that it consumes no energy in either the ON or 
the OFF state. The total size of the structure including bondpads 
and actuators is 1374µmx1320µm. Advantages over FET 
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switches in terms of power consumption, contact resistance and 
breakdown voltage have been achieved. With measurements on 
both mono-stable and bi-stable test structures we have 
demonstrated that our theory compares well with experiment. All 
measured results were within 10% of the theoretical 
expectations. Furthermore we have demonstrated that it is 
possible to create an initial contact resistance below 5Ω with a 
contact force in the order of 10µN. 

A process for creating hermetic sealing with feedthroughs 
through the lid using wafer level glass to silicon anodic bonding 
has been presented. Each contact is electrically isolated in the 
SOI device layer and individually surrounded by a sealing ring. 
Structures bonded at 250 kg, 230 V, 365 ºC pass thermal and 
mechanical stress tests according to MIL-STD-883 and meet the 
requirements for biomedical applications for these aspects. 
Numerical analysis shows that the thermal stresses in the glass 
silicon stack are a factor of 20 lower then the bond strength, 
which is confirmed by shear strength measurements to be in the 
order of 20 MPa. Contact measurements carried out in an N2 
atmosphere inside the wafer level package demonstrate that 
ruthenium covered contacts are robust for 106 cycles, which is a 
factor of 100 more then gold coated contacts. 

Reliability theory provides a quantitative basis for addressing 
this topic. Typical Active Implantable Medical Device Essential 
Requirements are protection against defibrillation and Magnetic 
Resonance Imaging (MRI) and electrical surgery compatibility. 
MEMS reliability is different from IC reliability for a variety of 
reasons, like the diversity in processes and functions, the lack of 
large sample sizes and test data and the unknown character of 
some failure mechanisms. Nevertheless carefully designed 
MEMS can be highly reliable and good design practices and 
guidelines have been proposed. A large range of possible failure 
mechanisms has been formulated for the MEMS switch, 
including mechanical, electrical, material, processing and other 
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type of failure mechanisms. The theory of the dynamics of the 
MEMS switch has been given. An experimental and theoretical 
method to describe resonance and bouncing behavior is given. 
Measurements of resonance peaks not only provide the location 
of the resonance frequency, but also provide a measure for the 
degree of damping of the structure. The electrical method that is 
described is applicable for automated reliability screening during 
manufacturing. A 125µs pulse is sufficient to switch from OFF to 
ON state. The required pulse amplitude is not dependant on the 
pulse width. 

The bi-stable MEMS switch has advantages in comparison to a 
FET switch in the area of power consumption, DC breakdown 
voltage, leakage current and contact resistance. The MEMS 
switch retains its setting in the absence of power and therefore, 
would be safer. The MEMS size, although larger then the FET, is 
within the requirements.There is a general need for a small smart 
system to control MEMS and a means to generate a high 
actuation voltage from a lower supply voltage. An outlook has 
been provided on three conceptually different ways for MEMS 
IC interconnect, namely MEMS die and IC next to each other, a 
separate MEMS die and IC stacked on top of each other and 
MEMS-IC integration. Several ways of (integrated) high voltage 
generation have also been given. Since the MEMS switch field is 
active and includes commercial players means that there are real 
advantages to gain. Further possible future developments could 
be in the area of chip scale implantable medical devices and 
micro electrodes. 
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