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Abstract. We demonstrate high-resolution, high-speed 3D nanoparticle
tracking using angled micromirrors. When angled micromirrors are intro-
duced into the field of view of an optical microscope, reflected side-on views
of a diffusing nanoparticle are projected alongside the usual direct image.
The experimental design allows us to find the 3D particle trajectory using
fast, centroid-based image processing, with no nonlinear computing opera-
tions. We have tracked polystyrene particles of 190 nm diameter with posi-
tion measurement precision < 20 nm in 3D with 3 ms frame duration (i.e.
at an imaging rate > 330 frames per second). Because the image process-
ing requires only ≈ 1 ms per frame, this technique could enable real-time
feedback-controlled nanoparticle assembly applications with nanometer pre-
cision.

Conventional microscopes used in particle tracking provide a 2D view of a
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3D region of interest. For studies of 2D phenomena, such as colloidal motion
in confined layers or transport in biological membranes, this limitation is ac-
ceptable. Indeed, 2D particle-tracking microscopy has enabled researchers to
study the dynamics of diverse small objects ranging from microscale colloids
to nanoscale molecular motor proteins.1–3 However, the real world is 3D, and
in many situations 2D measurements do not provide enough information. For
instance, the interaction between a particle and a 2D patterned surface, as
occurs in some directed self-assembly processes,4–6 depends on the particle’s
motion normal to the surface (z) in addition to its trajectory relative to the
lateral (xy) structure of the pattern. 2D information can also be difficult to
interpret when analyzing the diffusion of objects that emit or scatter light
anisotropically. Furthermore, the ability to localize a particle in three di-
mensions in real time will be required for feedback-controlled nanoparticle
positioning and placement.7,8

In this article we introduce a fast, simple method for obtaining 3D par-
ticle trajectories directly from 2D digital video microscopy images. This
method relies on microfabricated pyramidal wells whose faces are small mir-
rors oriented in such a way that multiple orthogonal views of the volume
of interest are projected alongside the direct image. Substrates containing
these pyramidal micromirror wells (PMWs) are used in a conventional mi-
croscope; the microscope is not otherwise altered, in contrast with other 3D
microscopy strategies.9,10 PMWs have recently been used to image biological
cells in 3D from multiple perspectives and to track cell components,11 and
have also been used in on-chip magneto-optical traps for atom trapping and
cooling.12 Here we extend this technique to 3D nanoparticle tracking and
present the first quantitative evaluation of the measurement precision. Our
achieved measurement precision is < 20 nm in all three dimensions over 3 ms
camera integration time and is limited by our signal-to-noise. When using
an algorithm we recently developed, the image processing time is a fraction
of the integration time, indicating that the technique could enable real-time
3D feedback control. However, while the measured precision is high, we also
find some systematic errors which degrade the measurement accuracy. We
argue that the errors arise from aberrations due to the geometrical placement
of the mirrors rather than any imperfections in the mirrors themselves, and
suggest strategies for overcoming them.

The orthogonal tracking principle is illustrated in Fig. 1a. When a particle
moves parallel to the optical axis of the microscope, the direct image is sta-
tionary, but the point of reflection slides up and down the mirror; the reflected
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Figure 1: a) Orthogonal tracking principle. As a particle moves vertically in
the well, the reflection slides along the sidewall mirror, converting the vertical
particle motion to lateral image motion. The incident and reflected rays are
not strictly perpendicular because the true sidewall angle is θmirror = 54.7°.
The reflections off the opposite sidewall have been omitted for clarity. b)
SEM image of PMW sample. Scale bar is 50 µm. c) Expanded schematic
diagram which illustrates the terms in Eq. 1. For θmirror 6= 45°, the x and z
axes are coupled. Note the longer focal depth of the reflected images.

image moves laterally in the xy plane. The vertical motion is converted to
lateral motion relative to the camera, allowing us to use fast centroid-based
image analysis (rather than nonlinear diffracted-ring fitting13,14 or imprecise
matching to a calculated pattern library15,16) to obtain the vertical as well as
the lateral position of the particle. This arrangement also collects reflected
light that would be missed under the conventional geometry; with perfectly
reflecting mirrors, the information content can be increased up to fourfold,
improving localization precision.17 Furthermore, the fact that the vertical
motion is projected into lateral motion means that, given sufficient reflectiv-
ity, the intrinsic z resolution is the same as that of x and y. For the same
reason, an instrument carefully calibrated in the two lateral dimensions is in
principle automatically calibrated in the third.
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Results and Discussion

We fabricated PMWs in silicon substrates using standard photolithography
and anisotropic wet etching (Fig. 1b; see Methods), and used them to per-
form orthogonal tracking experiments with fluorescent polystyrene beads of
190 nm diameter in a commercial epifluorescence microscope. Digital video
sequences were processed using virtual window center-of-mass8 (VWCM), a
technique we recently developed. This centroid-based algorithm suppresses
background contributions by iteratively truncating the region of interest so
that the particle image is centered on it with subpixel precision. We used
VWCM because it simplified our data analysis and because its speed makes
it a candidate for real-time control applications. It is also robust against
variations in the shape or size of the particle image,8 a helpful feature when
tracking particles in 3D with high-NA objectives. Where noted, for compari-
son with VWCM, we analyzed trajectories with Gaussian fitting, which yields
the most precise measurements for well-focused spots but requires orders of
magnitude more processing time.

Figure 2 is a series of frames from a standard CCD camera video sequence
of an orthogonal tracking experiment (available online as Supporting Infor-
mation). The particle is in the lower left corner of a well nominally 30 µm
wide; reflected images appear on the left and lower faces. The microscope
was approximately focused on the reflections, which appear as tight spots
while the direct image appears as a ringed diffraction pattern. Because the
reflected optical path is longer than the direct path, the focal plane is ≈ 5 µm
beyond the z position of the particle in the well. The video shows that the
reflections move in a fashion correlated with the direct image, and that the
motion of the reflected spots along the line connecting them with the direct
spot indicates the depth of the particle relative to the viewing plane. It is
straightforward to compute the centroids of the three spots; once they are
identified as containing XY, YZ and XZ information, those 2D trajectories
can be immediately combined to yield a 3D trajectory (Fig. 3).

In the conversion from 2D to 3D, two trigonometric complications arise
because θmirror is not the ideal angle of 45°. First, the different angle intro-
duces a scaling factor in the conversion of vertical to lateral motion. Second,
if θmirror 6= 45°, the axes are coupled; the depth must be corrected for the
distance between the direct and reflected images. Both effects can be com-
pensated exactly by applying the law of reflection. For the geometry shown
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Figure 2: Series of images from orthogonal tracking movie of a 190 nm di-
ameter particle in a water/glycerine solution. The frame rate was 59 frames
per second, and the images displayed are at 30-frame (approximately half-
second) intervals. Two reflections appear in the figure because the particle is
in the lower left corner of a well. (The partial image in the lower left corner
of each frame is of another particle outside the well, between the substrate
and cover slip.)

in Fig. 1c we find (see Supporting Information for a more general form):

∆z = ∆xr csc(2θmirror)−∆xd cot(2θmirror). (1)

Here the subscripts r and d refer to the reflected and direct images respec-
tively. Note that when θmirror = 45°, ∆xr = ∆z; note also that the uncoupled
x motion can be obtained from a different orthogonal reflection rather than
from the direct image, if desired.

The particle-mirror separation in our experiments is typically limited to
distances ' 1 µm and / 10 µm for two reasons. First, in order to track par-
ticles without fitting, the separation between the direct and reflected images
must be on the order of at least one wavelength. Second, the particle must
also be close enough to the mirror that the difference in focus between the
direct and reflected images is not so large that they overlap. We used a 40x
“high-dry” objective because its numerical aperture (0.95) was lower than
that of a 60x water-immersion objective (1.2), reducing the size of the direct
diffracted ring so it did not overlap the reflections as frequently.
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Figure 3: 3D trajectory formed by analysis of the movie represented by Fig. 2.
The perspective is from the “northeast” corner of the frames in the movie.
The top overlay image is a single frame (nonlinearly scaled for visibility) of
the grayscale movie from which the trajectory was derived; the colored tracks
on the overlay are the 2D tracks that result from processing the movie. The
well walls have been drawn at approximately correct locations.

Orthogonal tracking permits particles whose direct images overlap to
be easily distinguished by their different reflections. Fig. 4 depicts the
simultaneously-obtained 3D trajectories of two particles vertically separated
in a well. Although the direct images overlap (see inset), the particles are
resolved and unambiguously identified by the common z motion of their re-
flections. Both trajectories are found without fitting. While the precision is
diminished because the direct images are discarded, it is difficult to see how
this task could be accomplished by other techniques.

All tracking methods are ultimately judged by their precision (the spread
of estimated values in a measurement) and accuracy (the relation of the
estimates to the correct value). We now consider these in turn, treating
precision first. Ideally, we would estimate both localization precision and
accuracy by repeatedly measuring the position of a particle fixed at a 3D
location (i.e. with a nanopositioning stage) within a PMW; this method is
unavailable to us because we require the particle to move relative to the sub-
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Figure 4: 3D trajectories of two overlapping particles by orthogonal track-
ing. Inset: Movie frame showing the overlap of the direct images of the
particles and the well-resolved reflections. Movie is available as Supporting
Information.

strate. However, it is possible to estimate the localization precision directly
from the tracking data, by examining the average particle motion at different
time intervals18 (see Supporting Information). The ability to determine mea-
surement precision in this way depends upon the time resolution; resolving
smaller measurement noise requires the use of a smaller time step.

Precision. To test the precision, we captured a movie with a high-speed,
high-sensitivity, low-noise EMCCD camera (see Supporting Information) of a
particle diffusing in a water/glycerin mixture (glycerin volume fraction 80 %).
The 3 ms frame duration was short enough to resolve measurement noise as
small as 10 nm in 2D tests (data not shown). We analyzed the trajectory
both with VWCM and with Gaussian fitting. We compared our results with
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a rough theoretical estimate of the expected localization precision in Ref.
[19, Eq. (17)]. (When combining the results of independent measurements
to account for all available information, we weight the contributions of the
independent measurements according to their respective variances. We quote
the standard deviations obtained in this way.)

We found that both the Gaussian fit precision (σx = 13 nm; σy = 16 nm;
σz = 15 nm) and the VWCM precision (σx = 16 nm; σy = 19 nm; σz =
16 nm) agree reasonably with the precision expected from the expression
referenced above (σx,y,z ≈ 17 nm). These results are not a fundamental
precision limit by any means. We have used bare Si mirrors and standard
cover glass; the signal-to-noise could be increased perhaps by using more
reflective mirrors (e.g., Al) or by using a fused silica cover glass. We have
also chosen an unfavorable case with a badly defocused direct image. The
precision in the central spot is ≈ 60 nm, contributing almost no improvement
to the x and y estimates from the reflected spots. We note that the VWCM
is two orders of magnitude faster than the Gaussian fit, even when only the
in-focus reflections are analyzed in order to optimize the performance (and
appropriateness) of Gaussian fitting. When the two well-focused spots were
analyzed by VWCM the image processing time per frame was 0.5 ms, while
the Gaussian fit time was 47 ms; with the defocused direct image included,
the VWCM time per frame was still only 1.2 ms.

Accuracy. While the high precision we have demonstrated is desirable,
it is no guarantee of overall accuracy. Because orthogonal tracking offers
multiple independent measurements of each coordinate, we may compare
those measurements to look for systematic errors. In particular, when we
compare the two z-coordinate measurements from orthogonal faces, we find
a systematic discrepancy between them which depends on the xy location of
the particle - i.e., the position of the particle relative to the micromirrors.
The discrepancy can be as large as 100 nm in z over an xy travel of 500 nm
(see Supporting Information). We have observed this bias in many different
measurements of different samples, with different microscope objectives, and
with different cameras. It appears with VWCM, Gaussian fitting, and the
“Gaussian mask” algorithm.19 As always, it is important to eliminate as
many microscope aberrations as possible. We therefore took pains to opti-
mize the cover-glass correction collar settings and to eliminate tilt (< 0.05°)
of the cover glass relative to the focal plane of the objective,20,21 or of the
sample relative to the cover glass; the bias persists regardless.

Repeated observations and preliminary simulations strongly suggest that
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this bias results from a kind of aberration unique to PMWs. This aberration
stems simply from having an angled micromirror in the microscope field of
view. The following factors contribute to the aberration. First and foremost,
we have used high-NA objectives; if the objective collection angle is large
compared with θmirror, the angular aperture of a reflected image is truncated
asymmetrically. Second, the Fresnel reflection coefficients for a silicon/water
interface depend strongly on angle, and with high-NA objectives the collected
light experiences many reflected angles. (This effect could be avoided with
aluminum mirrors, whose relative variation in Fresnel coefficients is much
smaller.) Either of these effects alone could give rise to a shift or distortion
of the image as the particle moves away from focus - hence, as the particle
moves toward or away from the micromirrors. Furthermore, these effects
could be exacerbated by spherical aberration, which is generally present when
imaging through a water layer on the far side of a cover glass, and is worse
for dry than for water-immersion objectives.

A complete optical analysis is beyond the scope of this article, but we
can make some preliminary suggestions for mitigating the errors. The best
results are usually obtained when the reflections are close to focus. If nu-
merical aperture effects dominate, aberrations could be mitigated by 1) re-
ducing the objective NA (of course, reducing the NA reduces light collection
and hampers precision) or 2) making micromirrors at a shallower angle,22 so
that the micromirror “NA” exceeds the objective NA. It also remains pos-
sible (though perhaps undesirable) to calibrate for the bias; the discrepancy
appears to be approximately linear in the lateral displacement. Further-
more, since orthogonal tracking is compatible with optical post-processing
techniques such as multicolor imaging,23 multifocal imaging14 and wavefront
coding,24 techniques like the latter two that extend the effective focal depth
could reduce systematic errors that worsen with defocus. We also note that
the importance of the bias problem depends strongly on the application. For
example, active feedback-controlled particle assembly applications will be
limited primarily by precision constraints, not by the inherent accuracy of
the technique. Thus, we believe that orthogonal tracking in conjunction with
VWCM analysis is an excellent candidate for fast localization and feedback
control of nanoparticles in 3D with nanometer precision.
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Conclusion

We have demonstrated fast, high-resolution 3D particle tracking in PMWs.
Because extra light is collected along different directions, the technique should
provide 3D orientation information regarding asymmetric particles like rods
or single quantum dots. PMW substrates can be mass-produced for biologi-
cal11 or nanofabrication applications. Truncated PMWs with a flat surface of
silicon or glass (i.e. silicon-on-insulator) could be fabricated and patterned
for exploring 3D particle-surface and particle-feature interactions. We have
demonstrated 3D localization precision < 20 nm over 3 ms time intervals,
with image processing time 1/3 of the frame time, indicating the possibility
of real-time feedback-controlled assembly applications.

Methods

To fabricate microscopic angled mirrors, we modified silicon substrates as
follows. Silicon wafers were coated with a silicon nitride layer 80 nm thick
by low-pressure chemical vapor deposition. A polymer resist layer was spun
onto the wafer, selectively exposed to UV light through a chrome photomask,
and developed to remove exposed resist. Reactive ion etching was used to
remove exposed nitride. The Si substrate was anisotropically etched in a hot
aqueous KOH bath (80 °C, KOH volume fraction 45 %) for ≈ 1 hr to the
maximum depth, yielding PMWs with four faces intersecting in a point at
the bottom (Fig. 1b). The etch stop for KOH is the Si (1 1 1) crystal plane,
whose angle relative to the (1 0 0) surface plane is θmirror = 54.7°. (The
ratio of etch rates between (1 0 0) and (1 1 1) planes is ≈ 600.25) Substrates
were subsequently bathed in dilute hydrochloric acid to remove contaminant
particles26 and etched in dilute hydrofluoric acid to remove the nitride layer.
This procedure yielded a sufficiently smooth, mirror-like surface on the etched
walls.

Suspensions of fluorescent-dyed (480 nm excitation/520 nm emission wave-
length) polystyrene spheres of 190 nm diameter in water (with trace amounts
of surfactant) were diluted with water and glycerin (glycerin volume fraction
≈ 40 % except where noted) to particle concentrations ≈ 1010 cm−3. Small
volumes (≈ 1.5 µL) of this solution were pipetted on these substrates and
covered with a cover glass 170 µm thick for viewing with a commercial in-
verted epifluorescence microscope. We estimate the liquid layer thickness
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between the cover glass and substrate as ≤ 2 µm. Fluorescence was ex-
cited in the microscope with a 488 nm solid-state laser. Emitted fluorescence
was collected with a plan apochromat objective (40x/0.95 NA) through a
dichroic mirror and an emission bandpass filter, and was recorded either
directly with a standard 8-bit charge-coupled device (CCD) video camera
having 60 s−1 maximum frame rate and pixel width 7.4 µm, or through an
additional 2x magnification lens with a Peltier-cooled, back-thinned, 16-bit
electron-multiplication charge-coupled device (EMCCD) video camera hav-
ing 500 s−1 maximum frame rate, pixel width 24 µm, and quantum efficiency
≈ 90 % over the emission spectrum of the fluorescent beads.
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