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ABSTRACT

Micro-machines are being used in more
and more applications in our technology
dependent lives and perhaps soon, like
electronics, we shall not be able to live without
them. Many of these micro-machines are applied
in mission critical devices, like life sustaining
medical devices, combat aircraft, airbags, and so
on. It is critical that these devices are in good
operating condition and are defect free.
However, because of their small size, one cannot
see or feel them directly. The associated
manufacturing problems and maintenance
problems are also much different from classical
machines. This paper discusses the important
aspects of rotary micro-machines related to their
quality assurance and reliability. During
manufacturing processes, these devices are
mostly checked by optical methods. Proper
lighting arrangement is very critical for good
image analysis and some of the common lighting
arrangements are discussed. Health monitoring
of these micro-machines needs to be very

innovative. Other examples come from the use of
electromechanical impedance methods to
evaluate the structural changes in the
electroactive materials of the rotary micro-
machines. The purpose of this paper is to give an
overview of the state of the art in this area and
encourage general awareness of the rotary micro-
machines and their health monitoring needs.

INTRODUCTION TO HEALTH MONITORING

Health monitoring of structures and
machinery is a major concern of the engineering
community. Flaw identification, early damage
detection, and failure prevention have far
reaching implications in the management and
preservation of any equipment. Though there is
not much information available for health
monitoring of micro-machines, information on
general health monitoring is available and a brief
discussion is provided here. Structural health
monitoring techniques for large infrastructures is
a broad field and due to space limitations only
selected topics are discussed.

Machinery failure prevention is a
complex activity that requires the interaction of
several concurrent factors. Critical among them
is the ability to detect the appearance and
propagation of structural damage in vital
machinery parts. The detection of damage (e.g.,
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cracks, delaminations, de-bonding, etc.) is
crucial in any failure prevention technology. If
damage can be detected at an early stage,
corrective measures can be taken and
catastrophic failure can be prevented. Moreover,
the affected structure can be locally repaired, and
put back in service. By substituting timely
repairs for costly replacements, important cost
saving can be achieved in the machinery
lifecycle. A reliable procedure for early damage
detection will reduce the design uncertainties,
will increase designer confidence, and will result
in lower reserve factors, smaller weight, and
reduced initial cost. It is apparent that the
development of damage detection technologies
plays a major role in the larger picture of
preventing the failure of machinery and reducing
the lifecycle cost.

However, early damage detection is not
easily achieved during the operation of complex
machinery. The principal difficulty lies with the
fact that incipient damage can propagate inside a
part of machinery without producing detectable
changes in its operational parameters. Global
detection methods, such as those based on
vibration mode shapes and frequency
characteristics, are rather insensitive to incipient
local damage. A crack initiating at a critical
location in complex machinery can be fatal for
its operation, but may produce an undetectable
change in the overall structural frequency. For
this reason, failure detection methods are sought
that can address the detection of local structural
changes in vital areas of complex machinery.
Two approaches are possible: either subject the
structure to minute periodic inspection; or devise
an automatic system for continuous health
monitoring. The two approaches differ in the
way they can be implemented and in the

technologies they use. During periodic
inspection, the machinery is disassembled and its
vital parts are subjected to meticulous scanning
in search of local damage. In contrast, automatic
health monitoring performs continuous
surveillance of the machinery, with special
emphasis on the critical areas. For rapid
evaluation, a scalar damage index and a danger
threshold may be used. Then, a Green-Yellow-
Red condition scale will indicate the state of
structural health and will warn of incipient
damage. At present, both approaches are used:
periodic inspection is performed on most
complex machinery, ranging from airplanes,
helicopters and their engines to nuclear power
plants and Navy ships. However, periodic
inspection is very costly and time consuming. It
demands that the machinery be taken out of
service for a considerable period of time, and it
is not foolproof against failures between
inspection intervals. The cost-effective trend of
substituting fixed-term replacement of expensive
parts with as-needed replacement puts an
additional burden on the periodic inspection
procedures. In contrast, the continuous health
monitoring concepts are gaining increasing
popularity by raising the prospect of early
detection and timely intervention with the
accompanying cost saving opportunities. Both
approaches are limited by the availability of
enabling technologies. Figure 1 shows different
damage detection technologies for large
structures. On one hand, we find a multitude of
active and passive scanning technologies that are
essential during periodic inspections. On the
other hand, we have a number of in-situ sensor
technologies that could enable continuous health
monitoring. The in-situ sensors and their
accompanying technologies are of paramount

Passive and Active Scanning
1. Ultrasonic probing
2. Eddy currents
3. Liquid penetrant
4. Thermography and Vibro-thermography
5. Magnetic particles and Magnaflux
6. Computer tomography
7. Laser ultrasound
8. Low power impulse radar

In-situ Sensor Arrays
1. Vibration monitoring
2. Strain monitoring (electrical and fiber optics)
3. Peak-strain indicators
4. Acoustic emission
5. Dielectric response
6. Emitter-detector pairs
7. Electro-mechanical impedance

Damage Detection Technologies

Figure 1. Overview of damage detection technologies



importance for on-line health monitoring and
failure prevention. The next section details an
active-sensor in-situ health monitoring technique
that has recently gained popularity due to its self-
sensing capabilities.

ELECTRO-MECHANICAL IMPEDANCE
METHOD FOR STRUCTURAL HEALTH
MONITORING, DAMAGE DETECTION AND
FAILURE PREVENTION

The electro-mechanical (E/M)
impedance for structural health monitoring and
non-destructive evaluation is an emerging
method that offers distinct advantages. The
electro-mechanical (E/M) impedance method has
gained acceptance as an effective technique for
structural health monitoring, damage detection,
and failure prevention (Rogers and Giurgiutiu,
1997; Giurgiutiu and Rogers; 1999). Figure 2
shows typical response characteristics from an
active sensor. The method uses small-size active
sensors intimately bonded to an existing
structure, or embedded into a new composite
construction. Piezoelectric (PZT) wafer
transducers have been widely used for this
purpose. Experimental demonstrations have
shown that the high-frequency impedance
spectrum is directly affected by the presence of
damage or defects in the monitored structure.
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Figure 2. PZT wafer transducer acting as active
sensor to monitor structural damage: (a) mounting
of the PZT wafer transducer on a damaged
structure; (b) the change in E/M impedance) due to
the presence of a crack (Giurgiutiu and Rogers,
1999).

A precursor to the electromechanical
impedance method is the mechanical impedance
method. This method evolved in the late 1970’s
and early 1980’s and was based on measuring
the response to force excitation applied normal to

structural surface using conventional shakers and
velocity transducers. Cawley (1984) studied the
mechanical impedance method for non-
destructive inspection (NDI). He excited the
vibrations of bonded plates using a specialized
transducer that simultaneously measures the
applied normal force and the induced velocity. In
his study, Cawley (1984) extended the work of
Lange (1978), and studied the behavior of
bonded thin plates, in order to identify local
disbonds. Finite element analysis of the vibration
of the bonded/disbonded plates was performed,
and the impedance to excitation in the normal
direction was predicted. The experimental work
measured the normal-direction impedance at
various locations. A small shaker was used to
apply excitation through a force gauge and an
accelerometer connected to the structure. The
impedance magnitude spectrum below the anti-
resonance frequency was compared with the
finite element predictions, and some correlation
with the presence of disbonds was attempted.
Phase information was not used in the data
analysis. Since these early studies, the
mechanical impedance method has evolved and
gained its own place among NDE techniques.
Currently, ultrasonic equipment manufacturers
offer mechanical impedance analysis (MIA)
probes and equipment as standard options (e.g.,
Staveley NDT Technologies, 1998). The
mechanical impedance method is used to detect
disbonds in laminated structures, and
delaminations inside composite materials up to
depth of 1/4-in.

MICROMECHANICAL AUTOMOTIVE
SENSORS

MEMS have found wide commercial
applications as micromechanical automotive
sensors. Mollendorf (1996) lists chemical
sensors, position (displacement and angle)
sensors, flow sensors, pressure sensors, speed
and acceleration sensors, as well as temperature
and force detectors as the main automotive
applications of MEMS technology.

The number of such sensors is
increasing, and the forecast for the near future
includes rain and contamination sensors, as well
as distance sensors for passenger safety. Infrared
mapping is also becoming important. It is
estimated that the value of micro-electrical and
micro-mechanical parts used in a car will rise
from $300 in 1980 to $2,500 in year 2000.
MEMS products for automotive applications
have to undergo severe qualification testing and



to prove that their functionality is not affected by
exposure to severe environmental and
mechanical conditions. Mass production
considerations are also crucial in the design of
automotive MEMS.

More discussion on MEMS and fluids
interactions can be found in Ho and Tai (1996)
and Gabriel and McMichael (1996). The micro-
machine’s engineering aspects are also discussed
in Fujisawa et al. (1999), Olbrich et al. (1997),
Mimami and Eshashi (1996), and Sniegowski
(1996). However, no formal discussion on health
monitoring of rotating micro-machines is
available in the published literature. Hopefully
this publication will trigger the required thought
process to initiate discussion in this area.

ROTARY MICRO-MACHINES

Rotary micro-machines are mostly
motors, gears, and miniature turbines. Most real
micro size machines are made up of gears and
pumps. Institut fur Mikrotechnik Mainz, GmbH,
has fabrication facilities to commercially
produce micromotors of only 1.9 mm in external
diameters. Figure 3 shows a picture of their
motor.

Figure 3. The size of the micro-motor compared
with an ordinary needle’s eye; alongside, the
individual parts of the epicyclic gear (Courtesy

IMM).

The performance of this motor is summarized as:

•  Extremely small in size: 5.5 mm in
length and 1.9 mm in diameter

•  Torque 7.5 micro-Nm at 100 mA
•  Speeds over 100,000 rpm
•  Epicyclic gear ratio of 47:1

The gear arrangement is shown in Figure 4.

Figure 4. Integrated micro epicyclic gear (Courtesy:
IMM)

A characteristic of the micromotor is its excellent
start-stop performance as a result of the very low
inertia. Fabrication tolerance of less than 2
micron is needed for these gear components.

MEMS GAS TURBINES

Waitz et al. (1996) report the development of a
hydrogen-air micro combustor for a MEMS gas
turbine with a mere 1 mm2 inlet area. This
development follows from research into the
micromachining of refractory ceramic material
for uses in MEMS micro motors, micro valves,
etc.
Figure 5. Schematic of a micro gas turbine driving a micro electric generator (Waitz et al. 1996).



However, the development of micro-
scale turbomachinery is the most challenging of
these endeavors. Such a device includes micro
compressors, micro turbine generators, micro gas
turbines, micro refrigerators, and micro rocket
engines. A schematic view of a micro gas turbine
driving a micro electric generator is shown in
Figure 5.

OPTICAL INSPECTION SYSTEMS

There are several lighting techniques discussed by
Dechow (1999) that are used for machine vision for
micro-machine inspection. Broadly, these techniques
can be grouped into three categories: front lighting,
back lighting, and structured lighting. Different
lighting arrangements are shown in Figure 6.

Figure 6. Some typical lighting arrangements
used in machine vision systems for micro-
machine inspection (Dechow, 1999)

Diffused front lighting gives
nondirectional illumination with an image with

few shadows. Diffused lighting also reduces
glare from smooth surfaces. However, the
diffused light can produce low contrast images.
A light tent is used for creating a diffused light
condition. Backlighting is used to create
silhouette of the object to be inspected.
According to Dechow (1999), it is unwise to use
common lights available from “hardware store”
for machine vision applications. Commercial
components for lighting requirements of a
machine vision system are widely available and
these special lighting arrangements should be
used for a reliable inspection.

SOME RELIABILITY TESTING CAPABILTIES
AT SANDIA NATIONAL LABORATORY

Figure 7 shows a technician starting a
reliability experiment by inserting one of 256
parts in the one-of-a-kind ShiMMeR test system.
This system allows reliability testing of MEMS
under controlled force and humidity stress
conditions. It has been used to gain wear rate
data which has shown high wear rates at relative
humidity below 20%. It can be argued that a
monomolecular water layer forms to lubricate
the structure at higher humidity (Tanner et al.,
1999).

Figure 7. Technician starts a reliability experiment
(Miller, 1999b).

Figure 8 shows a wear test structure that allows
measurements of wear as a function of speed,
pressure and ambient conditions. By using this
special structure it is possible to control and
quantify wear of micro-machines.



Figure  8. A special structure to control and
quantify wear (Miller, 1999b).

Figure 9 shows Sandia’s Hopkinson bar.
Researchers in MEMS reliability have subjected
MEMS devices to accelerations up to 40,000 g’s.
This specialized machine is just one of many that
have allowed understanding of the ultimate
limits of MEMS devices and their applications.
In fact, the packaging typically fails well before
the MEMS device under test fails, pointing to a
continuing need to refine MEMS packaging
techniques. ADI MEMS accelerometers have
survived firing on the back of a 155mm
projectile and produced verifiable flight data.
(Brown and Davis, 1998)

Figure 9. Sandia’s Hopkinson bar. A test facility to
creating impacts up to 100,000 g’s was used to test
packaged MEMS devices (Miller, 1999b).

Figure 10 shows a worn out micro gear. This focused
ion beam cross section shows how wear can occur in
MEMS devices (Tanner et al., 1998). The device has
been run to failure under highly accelerated
conditions. Note the large number of particles near
wear points. Such wear can be minimized by operating

the device at relative humidities between 20% and
80% and minimizing the operating forces through the
use of model based drive signals. However, whenever
possible, flexures should be used in place of rubbing
surfaces to enhance system reliability.

Figure 10. Picture of a worn micro-gear (Miller,
1999b).

More information on research activities
at Sandia National Laboratory can be found at
Miller (1999a) and Sandia’s web page as listed
in the reference.

CONCLUSION

The Micro-Electro-Mechanical Systems
(MEMS) are micro-scale sensors, actuators,
engines, etc. with distinct  technical advances.
They are produced in large quantities using
silicon processing mass production methods. For
this reason, MEMS devices are relatively
inexpensive, considering their functionality and
internal intricacy. One obstacle in maintaining
proper quality assurance in MEMS fabrication
and use is the difficulty of small-scale inspection
and reliability verifications. Conventional NDI
and NDE methodologies are not easily
applicable to micro-scale devices. The NDE
transducers (e.g., ultrasonic probes) are large and
bulky in relation to MEMS sizes. In addition, the
failure mechanisms of MEMS depart from the
conventional macro-scale failure mechanisms.
Neither the exact mechanism of failure and
lubrication of these micro-machines nor the
health monitoring of these micro-structures is yet
fully understood.

Development in the area of testing
micro-machines with an emphasis on rotating
components has been reviewed in this paper.
Among them, optical methods seem to dominate.
At present, they are performed manually, using
human judgment. The use of automated
machine-vision based inspection with artificial
intelligence fault recognition is emerging as a
cost-effective alternative. For in-situ monitoring,
the development of micro-scale active sensors to
be placed in the MEMS critical areas is strongly
considered. Additionally, the increase of overall



system reliability is considered through multiple
path architectures that offer fault tolerant designs
incorporating redundant numbers of MEMS
devices.
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