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Many  microelectromechanical  systems  (MEMS)  devices  require  considerable  design  effort  to embed  their
own sensors  to  monitor  themselves.

In this  study,  a MEMS-based  vision  tracking  system  is  developed  based  on  micro  fiducial  markers.  The
vision  tracking  system  recognizes  the  predetermined  patterns  of  the  micro-scale  fiducial  markers  and
calculates  the  position  and  rotation  of  the  MEMS  elements.  Due  to its good  accessibility,  the  presented
system  can  be  applied  to  MEMS  devices  without  significant  effort  or modification.  This  tracking  system
EMS
ision-tracking
ision-marker
icro-manipulation
penCV

and  three  micro  vision  markers  are  applied  to a  MEMS  nanopositioner  as a linear  displacement  sensor.
With  three  fiducial  markers  printed  on a  nanopositioner,  the  presented  system  can monitor  the  linear
displacement  of  the  nanopositioner  with  the  error less  than  1%  of an  intended  motion  and  the  jitter  error
less  than  1 �m. The  presented  MEMS  vision  tracking  system  also  demonstrated  its capabilities  to  track
multiple  MEMS  elements  simultaneously  in  MEMS-based  micro-manipulation.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The small footprint, nanometer level resolution and low cost of
icroelectromechanical systems (MEMS) extended the capabilities

f the traditional motion stages to newer areas, including scan-
ing probe for data storage scanning [1] and micro-manipulation

nside a vacuum chamber [2]. Due the small form factor of MEMS
lements, the macroscopic sensing techniques are of limited appli-
ability. Therefore, how to sense and control the moving MEMS
lements has been an issue. In order to solve this issue, many
esearchers attempted to develop motion sensing mechanisms
hich have similar or smaller form factor to combine them with

he moving MEMS  elements [3–16]. These efforts have led to the
evelopment of capacitive sensors, piezoelectric sensors, and opti-
al sensors based on MEMS  technologies that are widely used.

Capacitive sensors have been commonly used as linear dis-
lacement sensors [3,4], accelerometers [5], and a force sensor [6].
apacitive sensors convert the gap change between two  electrodes
nto a change in capacitance providing nanometer level resolution
nd intuitive design. Although popular in MEMS,  capacitive sensors
re vulnerable to other electrical noise and tend to occupy large

∗ Corresponding author.
E-mail address: seunghoyang74@gmail.com (S.H. Yang).

ttp://dx.doi.org/10.1016/j.sna.2015.08.006
924-4247/© 2015 Elsevier B.V. All rights reserved.
area for better accuracy [7]. Therefore, in order to have meaningful
results, considerable areas are required to monitor multiple objects
or two  or more degrees-of-freedom (DOF) motions.

Another popular sensor in MEMS  is a piezoresistive sensor.
Piezoresistive sensors are based on the resistance change of silicon
under a stress [8]. Compared to a geometric change, the piezore-
sistive property of silicon has a large change in its resistance. The
advantages of piezoresistive sensors are its relatively small size
than capacitive sensors, high bandwidth, and nanometer level res-
olution [9]. But, in order to implement this sensor, selective ion
implantation or diffusion doping is required, and that may change
the whole fabrication process of MEMS  elements [10]. Thermal drift
or flickering noise from piezoresistive sensors also require addi-
tional post-processing to eliminate them [8,10].

Contrary to capacitive and piezoresistive sensors, optical sen-
sors can minimize additional design effort to embed the sensor on
MEMS  elements, because the monolithic design of MEMS  provides
reasonable field of view to an optical microscope installed on top of
it. In addition to this advantage, optical sensors are immune against
any noise related to electric or magnetic fields [11]. Intensity-based
optical sensor measures the intensity of the light reflected on the

surface of MEMS  devices [12]. When MEMS  devices move away
from the irradiated light, the intensity of the reflected light will
decrease. This can be measured quantitatively to extract the dis-
placement information [13]. But, the intensity based sensors are

dx.doi.org/10.1016/j.sna.2015.08.006
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2015.08.006&domain=pdf
mailto:seunghoyang74@gmail.com
dx.doi.org/10.1016/j.sna.2015.08.006
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Fig. 1. The conceptual design of the micro fiducial marker.
Y.-S. Kim et al. / Sensors an

ensitive to ambient light intensity and vulnerable to its neighbor-
ng noise, therefore interferometric algorithms should be added
o eliminate optical noise and improve its sensing performance
14–16].

Taking these backgrounds into consideration, it is rare to find
EMS-based sensors to monitor multiple objects at a same time
ithout a lot of design efforts. Thus it is beneficial to develop a posi-

ion sensor to monitor multiple MEMS  elements simultaneously
nd also provide the similar performance to previous MEMS-based
ensors without considerable design modification. Among the vari-
us sensing principles, a vision tracking system with micro fiducial
arkers can monitor multiple objects simultaneously and also

rovides reasonable performance [11,17]. A fiducial marker is a
redetermined pattern mounted in the environment or on a target
nd is designed to be automatically detected by a vision tracking
ystem based on an accompanying detection algorithm. They have
een widely used in Augmented Reality (AR) [18], robot naviga-
ion [19], indoor localization [20]. In most cases, a fiducial marker
s a 2D planar pattern, thus this can be transferred onto mono-
ithic MEMS  structures without significant effort. A charge-coupled
evice (CCD) camera is attached to an optical microscope to detect
icro-scale fiducial markers and to get their images. Once the

mage of a fiducial marker is obtained, 3D positional information
f a MEMS  object can be monitored in real time with its own ID
umber.

In this study, a vision based tracking system is developed to
onitor the position of MEMS  elements based on micro fidu-

ial markers. This vision tracking system is implemented with
icrosoft Visual C++1 10.0 complier and an open computer vision

ibrary OpenCV1 [21,22]. A PointGrey1 Scorpion camera with its
lyCapture1 software is utilized to access images. In order to
emonstrate its capabilities, the present vision tracking system
onitored the positions of three to five MEMS  elements in real time.

n addition to this, this vision tracking system is adopted as a lin-
ar displacement sensor for a MEMS-based nanopositioner where
wo micro fiducial markers are placed on the nanopositioner and
ne fiducial marker is on a fixed ground surrounding the nanoposi-
ioner. The relative position information among them can calibrate
urrent optical set-up and also calculate the displacement of the
ovable part of the MEMS  nanopositioner.

. Design of the micro fiducial marker

The micro fiducial marker is introduced to provide information
n translational and rotational information of MEMS  elements in
eal time. It is a square border of white on black or black on white
attern and its interior is divided by a 4 × 4 square grid as shown in
ig. 1 [19]. The whole micro fiducial marker is 6 × 6 units including
ts border and has 16 cells to deliver its information. Each cell carries
ne bit of digital data with black or white color, so the information of
16 can be stored in the micro fiducial marker. The cell at the corner

 in Fig. 1 has the same color as its exterior border and the three
ells at corner B, C, and D have different color from its border. This
elationship determines the origin of the micro fiducial marker. In
his case, we set up a rule that the origin will be the adjacent corner
earest to the cell at the corner A. The two edges adjacent to the
rigin will be assigned as an X-axis and a Y-axis and a Z-axis will be

etermined based on right-handed Cartesian Coordinates as shown

n Fig. 1. The following position information will be expressed based
n this origin.

1 Certain commercial equipment is identified in this paper to adequately describe
he experimental procedure. Such identification does not imply recommendation or
ndorsement by the National Institute of Standards and Technology nor does it imply
hat the equipment identified is necessarily the best available for the purpose.
Fig. 2. The recognized micro fiducial marker.

Once the origin was determined, the information will be
extracted from the interior cells, especially identity information to
differentiate one from multiple micro fiducial markers. Twelve cells
except the four at the corners are utilized to contain its ID. Based
on its position relative to the origin, each cell was  designated to
its own number as shown in Fig. 1. When a cell has the same color
as the wall, it will be counted to calculate its ID. When the total
number of n is counted, its ID will be calculated based on Eq. (1).

ID = 2a + 2b + 2c + · · · + 2n (1)

where, superscript represents the number shown in Fig. 1 corre-
sponding to the cell included in this calculation. For example, if the
blocks with numbers 2 and 4 have the same color with the wall, the
ID of this marker will be 22 + 24 = 20. With this method, a total of
211 or 2048 distinct IDs are available. In addition to this, one block
close to C, shown in Fig. 1, is reserved for checking parity to avoid
any incorrect recognition.

Fig. 2 is the capture of a micro fiducial marker once it is recog-
nized by the vision tracking system. This marker has two blocks of a
same color with its wall. In this case, the upper right corner will be
designated as an origin and its ID will be 2 according to Fig. 1. Once
it is recognized as a fiducial marker, its corresponding coordinate
will display on the origin of the fiducial marker, where the green
bar represents the X-axis, the red is the Y-axis, and the blue is the
Z-axis.
This micro fiducial marker can be implemented by MEMS  fabri-
cation methods which can transfer a micro fiducial marker image
onto a surface of MEMS  elements. In this study, the fiducial mark-
ers are located at predetermined locations on the MEMS  surfaces
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be simplified to a piece of lines if some points in a contour are on a
same line. After all candidates are found and simplified, a contour
Fig. 3. Image processing procedure.

y depositing a thin metal layer made of chromium of 100 nm thick
nd gold of 200 nm thick with a lift-off process [23]. Since gold can
e clearly detected on the surface of silicon, this metal pattern can
e utilized as a fiducial marker. This can be replaced by any etch-

ng process if the process can change the surface color partially to
ransfer a fiducial marker image.

. Design of the vision tracking system

The vision tracking system is designed to process and ana-
yze captured image to extract meaningful information. The image
rocessing procedure is described in Fig. 3, where the process
onsists of pre-processing, extracting candidates, finding fiducial
arkers, verifying fiducial markers, and calculating position infor-
ation. A series of the recognition process for fiducial markers was

mplemented in a C++ programming environment (Visual Studio
01) based on the image processing libraries (OpenCV1). The com-

unication with a CCD camera is implemented with application

rogramming interface (API) provided by PointGrey1 camera.

Fig. 4. Pre-processing of a captured image: (a) an original raw image wit
Fig. 5. Extraction of ID information: (a) a raw micro fiducial markers, (b) a recog-
nized 6 × 6 grid information based on (a).

3.1. Pre-process of a captured image

The pre-processing filters out useless portions of image data
and selects only the useful portions in a captured raw image for
fast processing and better detection. For this, a captured image is
converted into a grey one to reduce its total image size for quick pro-
cessing with cvCvtColor function in OpenCV. Then, the converted
grey image is filtered out again to eliminate noises with cvSmooth
function in OpenCV. This image is then converted into a binary
image with cvAdaptiveThreshold function in OpenCV. The adaptive
threshold method converts a law image into a binary one by deter-
mining a threshold value based on its neighboring pixels. After this
process, the candidates for micro fiducial markers become clearer,
which is shown in Fig. 4(a) and Fig. 4(b). The fiducial markers made
of gold are brighter than silicon itself, so the binary image has white
fiducial markers and black background. Here, both gold and silicon
are shiny, so the starting threshold value for a binary conversion
was determined after multiple manual tests Fig. 5.

Most MEMS  elements are very clean and well protected from
dust and also hard to have any metal structures similar to the
micro fiducial markers. Therefore a converted binary image tends
to be clearer than normal environment and detected well by the
presented vision tracking system without serious problems.

3.2. Search candidates for micro fiducial markers

After the pre-processing, the converted image is ready to find
fiducial markers. The vision tracking system start looking for con-
tours as candidates with the cvFindContours function in OpenCV.
Once contours are found from the converted binary image, they will
having more than four points is selected as candidates from the fact
that a fiducial marker is in a rectangular shape. If a selected contour

h recognized fiducial markers, (b) a converted binary image of (a).
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as a possibility to be a rectangle, its area will be compared with
n imaginary rectangle fitting well with that contour. If this differ-
nce is acceptable or small enough and the middle point among
our points of the imaginary rectangle is in the middle of the con-
our, this contour will be regarded as a fiducial marker candidate
nd be handed over the following process to extract its ID and 3D
osition information.

.3. Extract ID information and position information from the
andidates

The contour set selected in a previous section will be inspected
o extract its ID number and position information. Frist, the four
orners of a candidate will be recalculated to get more accurate
esults with cvFindCornerSubPix function in OpenCV. The image
f the candidate then will be copied and mapped onto a square,
hich is divided by 6 × 6 grids. Inorder to have accurate results,

ach grid has 2 × 2 pixels for its data. This means the fiducial marker
hould be larger than 12 × 12 pixels from captured images. After
his mapping process, an average pixel value of all grids is calculated
nd a maximum value will be set as 1 and a minimum value will
e set as 0. All the remaining values will be normalized between
hese maximum and minimum values. If the normalized value of a
rid is higher than an average value, that grid will be given a value
f 0. If not, it will be given a value of 1. This value comes from the
act that golden patterns are brighter than silicon in MEMS.  After
he values for the entire grids are determined, these 6 × 6 grids are
sed to calculate its ID information based on Eq. (1) and Fig. 1. With
his, a micro fiducial marker will be verified again by checking its
arity which will keep the total number of 1 in the 6 × 6 grids even.

After a series of detection and verification, the 3-dimensional
osition information can be extracted by transforming the four
orners of a micro fiducial marker in 3D space onto those on 2D cap-
ured image. For this, it is necessary to get the intrinsic matrix and
istortion coefficients of a camera with the cvFindExtrinsicCam-
raParams2 function in OpenCV. This matrix and the coefficients
re obtained through the calibration process of a camera used to
apture fiducial markers.

.4. Calibration of a camera

In order to calculate accurate 3D position information, it is nec-
ssary to calibrate the camera attached to an optical microscope
recisely. Since most cameras create their own minor distortions
o images, it is necessary to calibrate a camera first to achieve accu-
acy. In this study, the camera calibration is done using Zhang’s
exible camera calibration method [24] which is utilized with a
hecker board pattern. The checker board pattern in this calibration
s in micro-scale and fabricated with MEMS  fabrication methods.

hen 24 positions in the checker board are well recognized, imagi-
ary lines are displayed as shown in Fig. 6 and that area is calibrated.
his process was repeated several times at different positions to
alibrate a full field of view of the camera.

. Application: a linear displacement sensor for a
EMS-based nanopositioner

.1. Installation of three micro fiducial markers onto a
EMS-based nanopositioner

In order to demonstrate the usability of the presented vision
racking system, the presented system is installed on a MEMS-

ased nanopositioner as a linear displacement sensor. For this, a
EMS  based 1-degree of freedom (DOF) nanopositioner shown in

ig. 7(a) is utilized, which is composed of a bent-beam type elec-
rothermal actuator, two mechanical levers, two  mechanical links,
Fig. 6. The MEMS-based checker board recognized for the calibration of the camera
connected to an optical microscope.

and a moving platform. When the electric current flows into the
electrothermal actuator, the beams in the actuator will be expanded
due to resistive heating. This expansion is converted into a linear
displacement or a force along the central shaft and actuates the
moving platform [2,12].

Four groups of fiducial markers are deposited on the surface
of the nanopositioner as shown in Fig. 7(a). Each group is com-
posed of three fiducial markers, whose close-up view is in Fig. 7(b),
where the fiducial markers A, B, and C are located with their own
ID numbers. The fiducial markers B and C are placed on a station-
ary boundary and the distance between them is 244.29 �m.  This
value is used as reference to calibrate the dimensions measured by
the presented vision tracking system with different magnification
ratios. The fiducial marker A is deposited on a movable component
or a moving platform of the nanopositioner, so the displacement of
the nanopositioner can be calculated by measuring the relative dis-
tance between the fiducial markers A and B and calibrating based
on the fiducial markers B and C. Here, the three fiducial markers
should be in a sight for its calibration and measurement. Since
the distance between the fiducial markers B and C is 244.29 �m,
the vision-tracking system can measure at least 244 �m with its
current fiducial marker positions.

The fabrication of the nanopositioner shown in Fig. 7(a) with the
fiducial markers in Fig. 7(b) follows standards Silicon-On-Insulator
Multi-User Multi-Process (SOI-MUMPs) [25]. This process is com-
posed of a metallization, with top side etching by Bosch process
[26], and bottom side etching by same Bosch process. The first
metallization process is to deposit metal pads for the electric con-
nection of the nanopositioner, which is also utilized to transfer the
fiducial markers on the surface of the nanopositioner.

4.2. Measurement of the displacement of the nanopositioner by
the presented vision-tracking system

The nanopositioner is connected to a direct current (DC) power
supply (Agilent1 3322A) generating a triangular or a rectangular
waveform outputs with the amplitude of 5 V DC and a frequency
of 0.1 Hz. The motions of the nano-positioner are measured by the

presented vision-tracking system and their results are plotted in
Fig. 8(a) with a triangular input and Fig. 8(b) with a rectangular one,
respectively. Fig. 8(a) matches well with the fact that the displace-
ment of the nanopositioner is proportional to the square of driving
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Fig. 7. The experimental set-up for the accuracy test: (a) a nanopositioner with four sets of the fiducial markers, (b) a close-up view of the recognized fiducial markers.

Fig. 8. The displacements of a MEMS  nano-positioner platform measured by the vision-tracking system; (a) a triangular waveform input, (b) a square waveform input.
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Fig. 9. A stability test with multiple fiducial markers.

v
i
t
m
a
h

f
i
t
o
b
t
d
i
v
fi
t
m
i
i

4

e
e
m
w
s
t
u
T
t
p
a
i
s

oltage [2]. This is because the displacement of the nanopositioner
s theoretically proportional to the current density, which is propor-
ional to the square of the driving voltage. Fig. 8(b) shows a square

otion with a distorted corner. This is because the electrothermal
ctuator used in the nanopositioner takes tens of milli-seconds to
eat up and cool down the beams in the actuator.

Here, the displacement of the nanopositioner was measured
our times by the vision-tracking system and turns out that motion
s 17.861 �m after self-calibration. In order to evaluate its accuracy,
he same motion is also measured multiple times by an external
ptical profiler (VEECO1 NT1100 [27]). The displacement measured
y this profiler is 17.731 �m.  This comparison demonstrates that
he presented vision tracking system is capable of measuring the
istance with an error less than 150 nm or 1%. The average process-

ng time from capturing one image to measuring its displacement
aries from 40.7 ms  to 148.8 ms  depending on the number of the
ducial markers to monitor. This indicates that the presented vision
racking system can provide 6.7–24 measurements per a second. A

icroscope with a lower magnification ratio can increase its max-
mum range to measure, but it decreases its accuracy due to poor
mage quality or lower resolution.

.3. Reliability and stability of the vision-tracking system

The stability of the vision-tracking system is also numerically
stimated by monitoring the position of stationary fiducial mark-
rs or a jitter test. The same nano-positioner with multiple fiducial
arkers is utilized for this test and its result is plotted in Fig. 9,
here one to four fiducial markers are engaged for this test. With a

ingle fiducial marker, the presented system has a standard devia-
ion of about 1.6–1.8 �m for 115 s. When two fiducial markers are
sed for this test, the standard deviation decreases to 1–0.9 �m.
his standard deviation tends to converge around 0.8 �m with
hree or more fiducial markers. Based on this observation, the

resented vision tracking system can provide a stability error of
pproximately 1 �m for 115 s with two fiducial markers, because
t is not practical to involve more than two fiducial markers on a
mall MEMS  device.
Fig. 10. The basic elements for the micro-manipulator with three fiducial markers.

5. Application: monitoring a multiple elements in
micro-manipulation

5.1. The micro-manipulation system layout

Another relevant application with the presented vision track-
ing system is a micro-manipulation, which requires monitoring
multiple objects at the same time. The basic elements for the
micro-manipulation system are shown in Fig. 10, which shows the
micro-gripper (ID 0), the micro-scale object to move (ID 16), and
the reference (ID 1). The three components have their own  fiducial
markers with unique IDs to distinguish them from one another.
The presented vision tracking system is used to identify the posi-
tions and orientations of the three components by detecting the
three fiducial markers. The whole process is a pick-move-and-place
operation; the micro-gripper (ID 0) picks a micro-scale object (ID
16), and moves it (ID 16) near the reference (ID 1). These oper-
ations are monitored by the presented vision tracking system and
the latest position information is sent to manipulation control soft-
ware for proper operations. With this vision tracking system, the
micro-manipulation can be implemented in an automatic method.

The micro-gripper (ID 0) consists of two thermally actuated
gripping arms and is designed to pick up a target (ID 16) and release

it. The picking up and relocation of the object is performed by a con-
ventional 3 DOF micromanipulator. The location information of the
target and the micro-gripper are monitored in real time and repre-
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Fig. 11. Experimental set-ups for a micro-manipulation; (a) a full view, (b) a close-up view near the workspace.
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ig. 12. Captured optical images of automated micro-manipulation operations; (a)
arget position, (c) the target stopped after the horizontal movement, and (d) the ta

ented based on the position of the reference (ID 1) by the presented
ision tracking system.

.2. Demonstration of micro-manipulation

Based on the design of the micro-gripper and the vision-tracking
ystem, the micro-manipulation system is set-up and shown in
ig. 11(a). The micro-gripper is fixed under the optical microscope
nd the workspace is installed on the conventional 3D manipulator.
he target is placed on the workspace randomly within the field of

iew of the microscope, as shown in Fig. 11(b).

Some optical images captured during the micro-manipulation
est are shown in Fig. 12. This manipulation is planned to pick a
arget on a workspace and move it to the left side of the reference.
icro-gripper gripping a target, (b) the gripped target moving horizontally toward a
oving down to a new position.

At an initial stage, the vision tracking system starts scanning to find
all fiducial markers within its field of view. All motions are mon-
itored by the vision-tracking system in real time and the fiducial
marker with ID 1on the workspace is used as a reference. After
obtaining the current position of the micro-gripper, the target, and
a reference based on the detected ID information, the conventional
3D manipulator moves the workspace in a horizontal direction first
and in a vertical direction later. The target is gripped by the two jaws
of the micro-gripper as shown in Fig. 12(a). The vision tracking sys-
tem detects the next position which is the lower left corner and

recommends moving the target toward that direction. The move-
ment is composed of horizontal first movement and vertical second
movement. Next, the micro-gripper moves horizontally toward its
subsequent position by measuring the relative distance between
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National Institute of Standards and Technology, Gaithers-
burg, MD.  His research activity is mainly focused on the
design, testing, and optimization of MEMS nanoposition-
Y.-S. Kim et al. / Sensors an

he target and the reference on the workspace as seen in Fig. 12(b).
hen the vision tracking system determines that the horizontal

istance is within an acceptable range, this horizontal movement
tops as shown in Fig. 12(c). After this, the 3D manipulator starts
oving vertically toward its future position right next to the refer-

nce fiducial marker in Fig. 12(d). This motion is stopped when the
icro-gripper reaches its target position. The micro-gripper then
ill open its jaws to release the target object. With these opera-

ions, automated micro-manipulation based MEMS  elements was
emonstrated based on the presented vision tracking system and
hree fiducial markers.

. Conclusion

The vision tracking system for MEMS  devices or micro-scale
bjects was designed and tested to monitor the positions of
icro-scale objects in real time. This presented system is com-

osed of fiducial markers and corresponding detection algorithms.
he predefined shape, called a fiducial marker, is utilized for
ast motion tracking and good performance and implemented in

EMS  with a metallization process. The accompanying detec-
ion algorithm is implemented based on an open computer
ision library, OpenCV and geometric information of predeter-
ined fiducial markers. From multiple experiments, the presented

ision tracking system can recognize fiducial markers with an
ccuracy error less than 1%, a stability error less than 1 �m.
lso, it is able to detect motions of a distance larger than
00 �m.

The presented vision tracking system is applied to a MEMS-
ased nanopositioner as a linear displacement sensor. With three
ducial markers, the presented system can calculate the self-
alibrated displacement information. Another application to apply
or is a micro-manipulation system as a position sensor. With pre-
ented system, multiple objects can be monitored in real time, so an
utomated micro-manipulation system is possible without serious
esign modification.

This vision tracking system has several advantages: (1) it
equires no considerable design modification for MEMS  devices,
2) it is cable-free and non-contact sensing, and (3) it is strong
gainst any electric or thermal related noise. With these features,
he presented system can be applied to various applications includ-
ng micro-scale Augmented Reality (AR), 3D position measurement
n MEMS  devices, or multi-DOF sensing in MEMS  motion stages.
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