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Several LEDs could be arranged such a way that all the cones of light overlap, creating a spherical light source. Such 
light source can be detected in all orientations as long as there is a direct line of sight between the light source and the 
detector. The price to pay is added complexity of the light source, which requires a battery and several LEDs. 

2.3 Retroreflector Tracking 

As depicted in Fig. 2c, there is a collimated laser beam that is scanned by a dual-axis MEMS mirror into the space with a 
45° field of view and of several meters in front of the unit. The MEMS device runs a spiral search pattern from origin to 
maximum angles until it encounters a returning retro-reflection from a corner-cube retroreflector (CCR) marked object to 
its photo detector. The photo detector synchronously relays its readings to the control FPGA. From this point forward the 
device renews the search but with an updated origin at the last known position of the object. The system performs best 
with the use of a quadrant photo-detector which provides additional information for tracking, specifically the needed 
adjustments in X and Y to get centered on the target. Therefore there are two clearly distinct modes: search (spiraling) 
and tracking. Tracking is a PID control closed-loop based on the quad-detector X and Y inputs as loop errors. 

We also realized another type of retro-reflector tracking in which it is not possible to utilize CCR reflection offset 
information for quad-cell photodiode based tracking. We marked various objects such as a pencil, cell-phone, and marker 
with a small round section of retro reflective tape. Diameter of the spot is approx. 3mm, and in this arrangement a 
nutation algorithm is utilized which continuously scans small circles near the object and correlates the circles with 
returned light intensity which provides the X,Y vector of correction toward improved light intensity – tape’s center. 

3. 3D POSITION MEAUREMENT BASED ON TWO “EYE” SYSTEM 

It is possible to perform 3D position measurement with a single MEMS mirror-based tracking unit, if distance 
information can be obtained by time-of-flight measurement or interferometry. Time-of-flight measurements are very 
costly and bulky and rarely applicable outside of military and select, high-cost applications. Additionally they work best 
at longer distances where precision can be more reasonably obtained as light is simply “too fast.” To reduce cost and 
complexity, we perform 3D position measurement by triangulation of two or more measurements of the target object’s 
azimuth and elevation with respect to the scanning mirror, as long as the two or more scanning mirrors are at different 
locations as depicted in Fig. 3.  

 

Figure 3. Geometrical setup for two tracking sub-systems which are placed in parallel at a known distance d, and both track 
an object simultaneously, thereby obtaining independent azimuth information. 

In the simplest case we present here the two systems are spaced apart by distance d, such as having two apertures 
(“eyes,”) ~15cm apart. Each device is run by a closed-loop control loop based on a fast FPGA computing platform which 
takes error information from optical sensors and provides new commands to each scanning mirror at a 20 kHz rate. 

In most of our experiments we calibrate our devices to provide θmax=10°, giving a total scan angle of 20°.  When 
tracking, the FPGA system records the azimuth and elevation angle of pointing of mirror 1, θX1 and θY1. θ values. Second 
mirror, spaced at a known distance d provides angles θX2 and θY2 (Fig. 3).  Both devices see nearly identical Y readings 
θY1 and θY2, but due to motion parallax the X readings are different and depend on the distance to the object. We utilize 
the X readings to obtain a true distance of the object to the origin (a point directly between the two micromirrors) as 
shown in equation (1).  With Z known, X and Y are found from known parameters and by averaging from two devices’ 
readings as shown in equations (2) and (3).  
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Retroreflector tracking prototypes performed at greater distances, wide angles, and due to the use of a small mirror (1mm 
diameter,) significantly greater speeds of target motion were trackable. Robust tracking of both corner cube retro-
reflector (CCR) targets (Fig 7c,d,e), as well as retro-reflective tape (Fig. 7a,b) targets is demonstrated. The MEMSEye 
system was able to track and follow the individual position of the retro-reflective tape placed on the tip of a pencil (Fig 
7a), or on the edge of a cell phone (Fig 7b), in a wide-angle cone of approx. 45°. After some preliminary system 
calibrations by approximating the angle that each MEMS mirror points to at a given voltage, the XYZ determination 
algorithm was tested. With preliminary calibration distances are found to be accurate within a few mm in all 3 directions, 
in a large volume of over 1m3. Precision and repeatability are better than 1mm in distance (Z) and better than 0.1mm in X 
and Y.  Therefore future improvements call for an improved calibration protocol with a complete LUT of angle vs. 
voltage for each MEMSEye unit. 

Furthermore, the MEMSEye system was able to track two CCRs placed on a long rod (Fig 7e) while multiplexing to 
determine positions of both CCRs, and from the measured positions create a line vector, providing the azimuth and the 
elevation angles of the rod. Accuracy and precision of the MEMSEye was tested using a theodolite with arc second 
accuracy, which held the rod under test,. A single target’s position was measured while moving in plane with the 
MEMSEyes down to a sub millimeter precision (Fig 8a). The main purpose of the theodolite was to test the MEMSEye’s 
ability to measure the azimuth elevation of the rod under test. During the experiment, the rod under test was moved 
between 0º to 40º, orthogonal to the MEMSEyes. The MEMSEyes were able to track the line vector both in plane and at 
a different elevation angle to accuracy of around +/-1º (Fig 8b). Measurements were repeatable to below 0.1°.  

 

Figure 8. Results from MEMSEye system test for precision using Theodolite. (a) Measurement of precision of change in X-
axis position. (b) Measurement results of change in azimuth angle, orthogonal to MEMSEye system. 

REFERENCES 

[1] Brophy-Warren, J., “Magic Wand: How Hackers Make Use Of Their Wii-motes,” The Wall Street Journal, Apr. 
28th, 2007. 

[2] Arcara, P., et al, “Perception of Depth Information by Means of a Wire-Actuated Haptic Interface,” Proc. of 2000 
IEEE Int. Conf. on Robotics and Automation, Apr. 2000. 

[3] Aoyagi, S., et al. “Measurement of 3-D Position and Orientation of a ROBT using Ultrasonic waves”, CH2976-
9/91/0000-2466, IEEE 1991. 

[4] Bebek, O., Cavusoglu, M.C., “Whisker Sensor Design for Three Dimensional Position Measurement in Robotic 
Assisted Beating Heart Surgery” 2007 IEEE Int. Conf. on Robotics and Automation, April 10-14 2007 Roma, Italy 

[5] http://en.wikipedia.org/wiki/Wii_Remote 
[6] http://us.mimio.com/en-US.aspx 
[7] Cassinelli, A., et al, “Smart Laser-Scanner for 3D Human-Machine Interface,” Int. Conf. on Human Factors in 

Computing Systems, Portland, OR, Apr. 02 - 07, 2005, pp. 1138 - 1139. 
[8] Perrin, S., et al, “Laser-Based Finger Tracking System Suitable for MOEMS Integration,” Image and Vision 

Computing, New Zealand, 26-28 Nov. 2003, pp.131-136. 
[9] Milanović, V., Lo, W.K., "Fast and High-Precision 3D Tracking and Position Measurement with MEMS 

Micromirrors," 2008 IEEE/LEOS Optical MEMS and Their Applications Conf., Freiburg, Germany, Aug. 12, 
2008. 

[10] Milanović, V., "Linearized Gimbal-less Two-Axis MEMS Mirrors," 2009 Optical Fiber Communication 
Conference and Exposition (OFC'09), San Diego, CA, Mar. 25, 2009. 

At Z=1.0m distance

Theodolite Azimuth Angle [deg]
0 10 20 30 40

M
e

a
su

re
d 

A
zi

m
u

th
 A

n
g

le
 [

de
g

]

0

10

20

30

40

X [mm] at Z=0.8m distance

Micropositioner distance on X-axis [mm]
0 1 2 3 4 5 6 7 8

M
ea

su
re

d
 C

C
R

 p
os

iti
o

n 
o

n 
X

-a
xi

s 
[m

m
]

0

1

2

3

4

5

6

7

8

9

10

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

(a) (b)


