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a b s t r a c t

This paper describes the construction of a positioning device for sample scanning in the x and y direc-
tions suitable for single molecule fluorescence experiments. The mechanism uses a simple parallelogram
flexure cut out of a single aluminum plate and two amplified piezoelectric actuators of the type used
for microscope objective focus adjustment. A displacement range of 75 �m on each axis is obtained. The
stage can be used to implement a sample scanning confocal microscope for single molecule spectroscopy
applications using either inverted or up-right microscopes. Images with diffraction limited resolution
can be obtained with this scanning stage. This is demonstrated by imaging glass beads labeled with the
DY475 fluorescent dye and single rhodamine molecules. Micron sized range images of 256 × 256 pixels
can be obtained with dwell times down to 0.5 ms/pixel. A novel direct calibration in which the mechanical
response obtained from the line profiles for forward and reverse motion is used to account for the hys-
teresis of the stage. The target molecules are then located within the focus of the laser beam by using its
corrected position. The performance of this scanning device and correction technique are demonstrated
for the acquisition of fluorescence trajectories of individual rhodamine molecules.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In single molecule fluorescence experiments with immobilized
molecules it is necessary to scan the sample in x–y directions
in order to locate the target molecules to be studied [1–3]. Nor-
mally this is accomplished either by scanning the excitation laser
or by moving the sample relative to a stationary laser beam.
Sample scanning is advantageous when small area detectors are
used. A reproducible and backlash-free mechanical means of scan-
ning the sample in sub-micrometer length scales is necessary to
accomplish this goal [1]. There are many commercially available
scanning systems that are capable of reproducing motions down
to 100 pm. Although the commercial devices have excellent perfor-
mance characteristics, there is the need for alternative devices with
the necessary accuracy and that are simple to build. The design of
precision nano-positioning is presently a very active field. Several
very innovative topologies capable of subnanometer resolutions
were recently reported [4–8]. Experimental systems with diffrac-
tion limited spatial resolution do not strictly require a sub-nm
position accuracy for successful data collection. In addition, the
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excitation of fluorescence from single molecules causes irreversible
photobleaching after some 105–106 excitation cycles [9]. The col-
lection efficiency rarely exceeds 20% which translates in 2 × 105

detected photons. This sets an upper bound for the acquisition
time of the fluorescence of an individual molecule. For example,
if the detected count rate is 5 kHz the average survival time of
the molecules will be 40 s. In most cases photobleaching indeed
occurs within few tens of seconds. The inherently short lifespan
of a molecule under laser excitation greatly relaxes the effects of
thermal drift and creep in the scanning stage. Therefore, a realis-
tic minimum specification need only sub-diffraction limit position
stability over several tens of seconds. A scanning range of several
tens of micrometers would also be a desirable quality. We have
constructed a scanning stage based on one of the simplest flex-
ure topologies and used a simple calibration technique to position
a laser beam within the diffraction limit accuracy. We evaluated
its performance in the acquisition of single molecule fluorescence
images and fluorescence trajectories.

2. Instrumentation

The scanning stage is composed of two main components; a
guidance mechanism and a pair of piezoelectric actuators. The guid-
ance mechanism is a modified version of the simple-parallelogram
flexure mechanism developed by Awtar et al. [4,5] and it is shown
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Fig. 1. Photography of the scanning device. The insert shows one of the amplified
actuators. The central aperture is approximately 50 mm.

in Fig. 1. This design was chosen because it avoids nesting the dis-
placements in x and y directions. The simple parallelogram flexures
used in this work are compliant in one direction but suffer from a
parasitic displacement in the direction perpendicular to the travel
direction. This parasitic displacement is given by [10]:

�ey = 3�x2

5l
(1)

For the 39 mm long blades used in our scanning stage and in the
event of a scanning displacement of 80 �m, the parasitic displace-
ment is �ey ≈ 98 nm. This figure is 50% short of the diffraction
limited spot size. Furthermore, typical single molecule exper-
iments demand images spanning areas in the 2 �m × 2 �m to
20 �m × 20 �m range for which the error �ey would not impair
the image quality.

The parallelogram system presented here uses notch hinges to
increase the rigidity of the beams. The entire guidance mechanism
was cut out of a 240 mm × 240 mm and 10 mm thick plate of alu-
minum 5083 alloy using electric discharge machining (EDM) and
wire cut techniques. The actuators are mounted on the bottom side
of the guidance mechanism with 4 screws.

Piezoelectric stacks are available with displacement ranges in
excess of 100 �m. We however, used amplified piezoelectric actu-
ators for powering the scanning stage to achieve a large scanning
range. A variety of actuators are commercially available with built
in closed loop electronics which minimize the hysteresis and creep,
thus improving the position reproducibility [11]. Regular piezo-
electric stacks could be used to further reduce the cost of the
scanning device, provided that a mechanical amplification mecha-
nism is embedded in the guidance mechanism. Piezoelectric stacks
capable of 17 �m are commercially available. A mechanical ampli-
fication factor of 6 would provide a scanning range close to 100 �m.
The scanning stage design presented here may be easily modi-
fied in order to accommodate low cost piezoelectric stacks (cf.
supplementary information). Operation in open loop may perform
sufficiently well for applications where it is only necessary to collect
an image by scanning the sample.

For our construction we used a pair of microscope objec-
tive positioners (Piezo Jena MOPOS-100SG) with the objective
mounting rings removed from them (Fig. 1 insert). The resulting
parallelogram actuators together with the strain gauge are then
attached via the four holes that hold the objective mount bound

Table 1
Characteristics of the amplified piezoelectric actuators MIPOS-100SG.

Parameter Open loop Closed loop

Motion range/�m 100 80
Stiffness/N/�m 1.4 1.4
Reproducibility/nm 30 30
Resonant frequency/Hz 300 300

to them. A 6 mm × 16 mm × 0.1 mm rectangular piece of stainless
steel shimming stock are used as a spacer between the aluminum
guidance plate and the actuators to allow for free parallelogram
deformation of the actuators. The aluminum plate together with
the actuators is supported on an aluminum block having cavities
to house the actuators. The mechanism is protected by a 3 mm
thick aluminum plate with an 11 cm × 11 cm central square cutout.
A square aluminum plate of 10.9 cm × 10.9 cm × 0.3 cm having a
20 mm circular aperture in the center is mounted on the moving
stage. The circular aperture is present to allow a microscope objec-
tive to be positioned underneath of the stage, necessary to use the
scanning stage in inverted microscopes.

The piezoelectric actuators used in our stage can produce nom-
inal displacements of 80 �m when driven in the closed loop mode.
The actuator specifications that are relevant to this work are shown
in Table 1. The position reproducibility of these actuators is 30 nm as
specified by the manufacturer. Since the guidance mechanism acts
as a lever spring which loads the actuator, we needed to design the
dimensions of the parallelogram blades so that the stiffness of the
guidance mechanism does not impair the maximum displacement
of the unloaded actuators. The geometry and the definition of the
parameters for the double notch parallelogram used are shown in
Fig. 2. The static stiffness of each parallelogram in the direction of
the displacement is given by [10]:

Kpar = Fx

�x
= 16Edt5/2

9�R1/2L2
(2)

where E = 7.0 × 104 N/mm2 is the Young’s modulus for the mate-
rial and d is the depth of the blades. For an actuator with nominal
displacement �x0 and stiffness Kact, the maximum displacement
against the parallelogram load is:

�xl = �x0

(
Kact

Kact + Kpar

)
(3)

Fig. 2. Schematic showing the definition of the geometric parameters used in the
flexure elements of the scanning stage.
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An important parameter in this design is the minimum thickness
of the circular notch hinge due to the strain concentration. The
smaller the parameter t, the smaller will be the load on the actua-
tors. Sagging of the stage however may occur for very thin notches.
We have chosen 10 mm thick 5083 aluminum alloy plate as the
substrate to cut the guidance mechanism. One way to determine
the minimum joint thickness emphasizing reliability of the hinge
mechanism uses the strain concentration at the joint [10]. Alter-
natively, overload can lead to irreversible damage of the amplified
piezoelectric actuators. The amplified piezoelectric actuators used
here were not designed to develop forces larger than 3 N. Thus, we
choose to derate the operation of the actuators by limiting the max-
imum force opposed to them. To determine the minimum thickness
of the notches we combined Eqs. (2) and (3) and set the mini-
mum achievable displacement of the stage-actuator assembly to
97% of the nominal motion range of the free actuator. This is equiv-
alent to a derating factor of 1/3 on the absolute maximum force
that the actuators are capable of applying. This constrain yielded a

Fig. 3. Displacement curves for the complete flexure guidance mechanism along the
x (top) and y (bottom) directions. The circles (squares) represent the displacement
of the flexure by pulling along the forward (reverse) direction. The error bars are
given by the accuracy of the micrometer gauge.

Fig. 4. Displacement of the scanning stage driven by the piezoelectric actuators.
Panels A and B were obtained with the actuators driven in open loop and panels C
and D correspond to closed-loop. The open squares represent the travel of the free
actuators and solid circles represent the travel of the actuators when driving the
stage.

minimum thickness of 0.32 mm using 3 mm diameter notches on
each end of the 39 mm aluminum blades. The calculated stiffness
of each parallelogram mechanism is Kpar = 9.80 × 10−3 N/�m. Con-
sidering the additive effect of 4 double notch parallelograms on
each travel direction, the total stiffness of the guiding mechanism
is Kpar = 3.90 × 10−2 N/�m.

Fig. 3 shows the displacement curves in the two directions of
motion of the guidance mechanism for the 0–3 N range of forces by
using a micrometer dial indicator with a resolution of 5 �m. A fairly
linear relationship is found. The differences in the slopes are due
to manufacturing tolerances. The experimental values of the static
stiffness obtained from a linear fit to the data shown in Fig. 3 are
k+

x = 21.0(5), k−
x = 27(7), k+

y = 23.0(5) and, k−
y = 27.0(5) mN/�m.

The measured values are lower than the target 39 mN/�m for each
direction of motion, mainly due to the lower Young’s modulus of
the actual aluminum alloy.

After attaching the actuators on the stage, we measured the
effective displacement of the entire structure by applying a bias
to the actuators. The results are shown in Fig. 4.

Some hysteresis is apparent in these curves. The maximum dis-
placement of the actuators only suffered a reduction when operated
in the open-loop mode. The largest strokes were 84 and 85 �m for
the free actuators, and 82 and 83 �m for the stage loaded actua-
tors. This represents 2.5% difference of the maximum stroke, and
is consistent with the constraint set for the dimensioning of the
notch thickness. No reduction in the maximum displacement was
measured when the actuators were operated in the closed-loop
mode. A maximum displacement of 76 �m is obtained for both
directions.

3. Performance

To evaluate the merit of the constructed scanning stage for
applications in single molecule spectroscopy it was necessary to
implement an optical system and the detection electronics. The



Author's personal copy

242 K. Treegate et al. / Sensors and Actuators B 150 (2010) 239–246

details of the optical system can be found elsewhere [12]. An
inverted microscope Olympus IX71 was used to host the scanning
stage. The scanning stage was kinematically mounted on the micro-
scope frame. The excitation laser is introduced through the back
port of the microscope and it is focused by the microscope objective.
The fluorescence emitted by a sample mounted on the scanning
device is collected by the same microscope objective, and imaged
on a confocal pinhole (50 �m in diameter). The light that emerges
from this pinhole is focused onto an avalanche photodiode detec-
tor. Interference reflector (z532 or z405) and filters (HQ580/60 or
HQ460/80) are used to suppress the excitation light from reaching
the detector. The voltages fed into the input of the high voltage
amplifiers were provided by a general purpose data acquisition
card (NI-PCI6733). The signal from the avalanche photodetector
was connected to a time correlated single photon counting card
(Becker and Hickl SPC630). A program written in LabWindows CVI
was used to acquire the fluorescence signal and to drive the voltages
for scanning the sample. The samples were prepared by casting a
single drop of 5 × 10−10 M solution of glass beads or rhodamine dye
on a clean cover glass spinning at ca. 2000 rpm.

Fig. 5 shows images of ca. 50–100 nm fluorescent glass beads
excited by a diode laser at 405 nm. Panels A-B are the forward
and reverse scanning directions, hereafter called trace and retrace

images. The image size in A-B is 20 �m × 20 �m while B-C is a
10 �m × 10 �m area rescanned within the marks in A. The fluo-
rescent beads are clearly resolved in these images. The apparent
differences among the sizes of the beads within an image, is the
result of the spread in brightness that arises from the size poly-
dispersity of the beads. The mean diameter of the beads is 70 nm
obtained from TEM micrographs.

The size of the images is set by our rather coarse calibra-
tion obtained by fitting the data in Fig. 4 to a straight line. For
applications where higher accuracy is needed an interferometric
calibration or capacitive position sensing system could be adopted
[13–17]. Nevertheless an internal calibration is always available
provided that the features in the images are diffraction limited. For
this case the point spread function is the convolution of the Airy
functions representing the glass bead and the laser focal spot. In the
case of a point sized emitting object the full width at half maximum
(FWHM) of the Airy feature reduces to [18] FWHM = �/(2 × NA). For
� = 405 nm, and NA = 1.22, FWHM = 170 nm. In Fig. 5, the line pro-
file across a single glass bead was fit to a Gaussian function with
a FWHM = 198 nm. Since the glass beads are 70 nm in diameter,
a FWHM = 184 nm is obtained by convoluting two Gaussian func-
tions with FWHM 170 nm and 70 nm. The agreement is rather good
considering the simplicity of our calibration.

Fig. 5. Images of fluorescent glass beads collected in forward (A and C) and backward (B and D) motion. The size of the scanned area in (A) and (B) is 20 �m × 20 �m. The
images (C) and (D) correspond to the 10 �m × 10 �m squared area bound by the four crosses in (A). The data shown in (E) is an intensity profile across a bead and along the
line shown in (C). The fit is a Gaussian function.
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Due to a phase lag when the stage is driven by the electrical
signal, there is a difference between the actual and the target posi-
tions. The origin of this phase lag is mainly the limited bandwidth
of the scanning stage and electronics. This produces a hysteretic
behavior in the forward–backward intensity traces across fluores-
cent objects in the sample. By collecting the image in the forward
and reverse directions of motion, it is possible to quantify the hys-
teresis in real-time. This is necessary to accurately position the
focus of the laser beam onto a target molecule for single molecule
experiments. Our images contain 256 × 256 pixels and are obtained
by counting photons on a given pixel for a preset dwell time before
advancing to the next pixel. Since the integration time can vary
from a fraction of a ms to a few ms, the scanning speed can vary
about one order of magnitude. The smaller the pixel dwell time,
the faster would the stage be moving. Because the number of pix-
els per line scan in our acquisition program is 256 for any image
size, larger images imply a larger physical area covered per pixel,
which also translates into a higher scanning speed. An assessment
of the effect of the scanning speed on the hysteresis was obtained
by measuring the offset between the positions of fluorescent beads
in the trace and retrace images. We define a relative hysteresis
Hrel = image shift/image size. A plot of Hrel versus the reciprocal
pixel dwell time is shown in Fig. 6. The shift between the trace
and retrace images for different image sizes lay on the same lin-
ear relationship with the reciprocal pixel dwell time. This simple
dependence can be used to correct the driving voltages applied to
the stage when the laser is to be positioned on a target molecule. The
scanning stage lags behind the position calculated by the driving
voltages. Thus, the trace image or a trace line scan appears shifted
away from the origin while the retrace image is shifted towards
the origin in the real position axis. It follows that the corrected
position is:

xcorr = x ∓ 0.5 × Hrel × Scan Range
Pixel Time

(4)

The minus sign applies when the stage moves in the forward (trace)
direction, and the plus sign when the stage moves in the reverse (re-
trace) direction. The effects of this shift in the slower y-axis of the
image are in general negligible because the line dwell time is NPixels
times larger than the pixel dwell time (in our case NPixels = 256). By
using this correction, the target position of a molecule in a line
scan can be corrected and a line-by-line search procedure to detect
and target molecules can be implemented. We test this approach by
performing simple line scans in a predetermined region of the sam-

Fig. 6. The hysteretic behavior of the scanning stage obtained from images of fluo-
rescent glass beads.

ple. For each line scan, we execute a simple algorithm that finds the
intensity peaks by subsequently fitting a segment of the line scan
to a quadratic equation. If the fit exceeds a preset intensity thresh-
old, the pixel position for the maximum of the parabola is recorded.
We then apply the aforementioned correction due to the mechan-
ical hysteresis of the scanning stage (Eq. (4)). We repeat the last
line scan and stop at the pixel position calculated with the correc-
tion. After a 0.5 s delay a shutter is opened, and the fluorescence is
collected by keeping the sample steady. Fluorescence versus time
traces (fluorescence trajectories) are then obtained for luminescent
objects in the sample. The acquisition mode used in our work only
needs a threshold to decide if data collection will be initiated on a
particular object. There are several advantages of performing the
acquisition this way. First, the brighter objects can be studied first,
and after all of them have been inspected up to the irreversible pho-
tobleaching time the same area can be scanned again, using a lower
threshold. Then a second series of objects can be investigated. Sec-
ond, this scheme suffers from less subjectivity that is commonly
associated with manual selection of luminescent objects from an
image. Lastly, this scheme can be readily generalized to any num-
ber of channels by searching for peaks on the intensity array of a
selected channel.

In this type of experiments, the concern is the ability of the scan-
ning stage to sustain the position over a period of time which is
of the order of tens of seconds. Because the point spread func-
tion of the system is a sharp function of position, any instability
in the position during acquisition of single molecule trajectories
will be evident as intensity fluctuations. The major source of these
mechanical instabilities are thermal effects [19] and creep [20].
As a zero order picture, we can take the excitation intensity dis-
tribution to be a Gaussian function in the x–y directions with a
full width at half a maximum of 200 nm. Therefore, a deviation
of 100 nm in the molecule position should cause a fluorescence
intensity drop of ca. 50%. Such variation of the fluorescence inten-
sity as the target molecule moves slightly to the sides of the
diffraction limited laser spot could be readily detected. To conduct
this performance tests, we choose the fluorescent dye rhodamine
6G. This dye has nearly 100% fluorescence quantum yield and
it is relatively stable against photobleaching. Also, it shows lit-
tle blinking dynamics. For excitation of this dye at 532 nm we
used a 5 mW Nd-vanadate laser. Fluorescence trajectories for sin-
gle rhodamine 6G are shown in Fig. 7. The data for the upper
five traces has been binned in 10 ms bins. A characteristic of a
single molecule fluorescence trajectory is the irreversible photo-
bleaching event that abruptly ends the emission of the molecule
in a single step. The emission before photobleaching shows a con-
stant intensity. In some cases, fluctuations between two possible
intensity states are seen in the trajectory. This is the well-known
blinking dynamics. Single molecule trajectories terminate abruptly
by irreversible photobleaching which brings the intensity back to
the background signal. Another control experiment was done in
which the fluorescence signal from a droplet of solution of rho-
damine 6G in water (100 nM) was collected over a period of over
1 min. In this experiment, an average number on the order of
103 molecules is present in the observation volume. Because the
molecules are free to diffuse in and out of the illuminated region,
photobleaching will not significantly affect the fluorescence inten-
sity.

Since the solution is homogeneous, variations of the position
of the focal spot, and thus the mechanical stability of the scan-
ning stage, have no effect on the fluorescence intensity trajectory.
Under these conditions, the only source of intensity fluctuations
is the laser intensity noise. The bottom panel in Fig. 7 shows the
fluorescence signal obtained from a solution of rhodamine 6G. The
time axis has been binned into 20 ms bins. A comparison between
the fluorescence trajectories for single molecules and the solution
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Fig. 7. Fluorescence trajectories for rhodamine 6G molecules.

experiment reveals very similar intensity stabilities. The fluores-
cence trajectories obtained with the scanning stage described in
this article show very stable intensity values over the lifespan of the
single molecules. This position stability is essential for the applica-
tion pursued for this setup. Although we are not interested in the
operation of this scanning stage without using the built in feed-
back of the piezoelectric actuators, we conducted tests in open-loop
mode. Images obtained with the actuators operated in open loop
mode had acceptable quality with ca. 100 nm drift of the image
center from one image to the next. Trajectories collected by the pro-
cedure described above but without the use of the feedback loop
on the actuators lead to decaying intensities reaching background
within ca. 30 s.

To further demonstrate the performance of the present setup,
we carried out experiments in which a polarizer is inserted into the
optical path of the fluorescence, which is the split in to S and P with
respect to the polarizer. For each of the two polarizations the fluo-
rescence then traverses an interference filter, and it is then detected
by a single photon counting avalanche photodiode module. Excita-
tion of the fluorescence with linearly polarized light at 532 nm was
then carried out for the rhodamine 101 molecules deposited on
a clean glass surface. Rhodamine 101 was chosen for this exper-
iment because its transmission through the pair of interference
filters used in our setup, and high quantum yield of fluorescence.
A common practice in single molecule imaging, is to combine the
images of multiple channels in a color coded image. This was done
for our polarization resolved channels. The images obtained by the
two detectors are rendered with green only RGB values for S polar-
ization, and with red only RGB values for the P polarization. Upon
addition of the images of the two channels, a red-green rendering
is obtained that clearly shows any polarization changes in the flu-
orescence during the collection of the fluorescence image. These
changes arise from fluctuations in the orientation of the molecule,
which modifies the direction of the molecular transition dipole
moment. The polarization of the emission tracks the changes in the
molecular orientation. Fig. 8 shows a fluorescence image of individ-
ual rhodamine 101 molecules on a glass surface. The image is ca.
4 �m × 4 �m in size. Thermal fluctuations in the molecule orienta-
tion are seen in the images as red lines of pixels on the green spot
in Fig. 8. The yellow spot arises from a molecule whose orientation
yields nearly equal signals in the S and P detectors. Fluorescence
trajectories for single rhodamine 101 molecules are shown in Fig. 9.
The trajectories further confirm the orientational jumps experi-
enced by rhodamine 101 molecules. In the top two trajectories,
clearly anticorrelated fluctuation in the S and P polarizations are
seen, which is consistent with nearly 90◦ rotation of the transition
dipole moment in the plane of the plane perpendicular to the opti-
cal axis. Motion of the transition dipole moment towards the optical
axis, will cause correlated fluctuations in the intensities observed
in the S and P detectors. This is seen on the bottom two trajectories
of Fig. 9.

Fig. 8. Fluorescence image for rhodamine 101 molecules obtained with polarization
resolved detection. The green (red) line represent the S(P) polarized emission. The
intensity ranges from 0 to 8.0 kHz. The excitation was 360 nW measured on the
front of the microscope objective. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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Fig. 9. Fluorescence trajectories for rhodamine 101 molecules obtained with polar-
ization resolved detection. The green (red) line represents the S(P) polarized
emission. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

4. Conclusions

A simple sample scanning device suitable for single molecule
spectroscopy applications was developed. Sub-micrometer resolu-
tion images were demonstrated. The correction to the mechanical
imperfections of this scanning mechanism is obtained by measur-
ing the shift between forward and reverse motion collected images.
Positioning the laser beam over a single molecule for collection of
fluorescence trajectories can be done within the diffraction limited
spot size by applying the correction to the hysteresis of the scanning
mechanism. The main contribution of this paper is a simple method
for accurately positioning the laser onto single molecules when
the scanning stage is driven relatively fast relative to the feedback
mechanism. The performance of this scanning device was demon-
strated by representative single molecule fluorescence images and
trajectories.

The scanning device may be used in applications other than sin-
gle molecule spectroscopy, such as fluorescence readout machines
for microarray sensors.
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