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Abstract. The automation of a rapid and simple trapping-force calibra-
tion system is desired for optical tweezers to measure biological forces.
One simple calibration method, the water-dragging-force method, is to
calibrate the trapping force against a given water dragging force with an
image-processing technique. However, the conventional image-
processing technique is too slow because of the time it takes for image
recording, transferring, storing, and retrieving. The pattern recognition
technique of our automated calibration method is rapid and simple, be-
cause it directly processes the image signal without recording, storing,
and retrieving any image. In an experiment, we have combined the drag-
ging force method with the real-time pattern recognition technique to
calibrate the relationship between the trapping force at a given laser
power and a displacement of a bead. We demonstrate the calibration
results of the trapping forces on two target beads 10 and 6.2 �m in
diameter, separately, at two laser powers, 5 and 10 mW. Each calibra-
tion procedure is finished in 5 min at a pattern recognition rate of 10 Hz
with a spatial resolution of 75 nm. We believe that this technique is reli-
able and rapid enough to be applied to biological force measurement. ©
2005 Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2128632�
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1 Introduction

Optical tweezers, working like a spring, have been widely
used in capturing and manipulating micro particles since
invented by A. Ashkin in 1986.1 Typically, the springlike
trapping force generated by optical tweezers is of the order
of a piconewton �10−12 N�, which is comparable with many
biological forces. Consequently, optical tweezers are appro-
priate for measuring the biological force due to membrane
tether, cell-cell interaction, antigen-antibody interaction,
protein binding, etc.2,3 For this purpose, it is crucial to cali-
brate the trapping force of optical tweezers at various laser
powers for its application to biological force measurement.

Conventionally, there are several methods to calibrate
the trapping force, such as the escape force method, drag-
ging force method, equipartition method, power spectrum
method, and step response method.3–5 Among them, the
dragging force method is one of the simplest in use.

In the dragging force method, the trapping force gener-
ated by an optical tweezers system on a trapped bead in
water is calibrated against a given water dragging force.
The magnitude of the water dragging force Fdrag is adjust-
able by varying the speed v of the water flow relative to the
trapped bead according to Stokes’s law:
u0091-3286/2005/$22.00 © 2005 SPIE
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drag = 6�r�v , �1�

here r is the bead radius and � is the coefficient of vis-
osity. As the speed of the water flow is increased, the
ater dragging force on the bead along with the water flow

ncreases as well.
Experimentally, a target bead is first trapped at the center

f the laser beam waist of the optical tweezers. Then, a
ater flow is applied to wash the bead. This induces a
ragging force, which shifts the bead away from the center
f the laser beam waist. The shift of the bead results in a
pring-like trapping force Ftrap, which is proportional to the
isplacement of the bead. As the shift of the bead is in-
reased, the trapping force on the bead, which is opposite to
he water dragging force, increases as well.

Consequently, the bead will be shifted to a new equilib-
ium position where the water dragging force is balanced
y the trapping force of the optical tweezers arising from
he bead shift. In other words, the magnitude of the trap-
ing force associated with this particular bead shift is the
ame as that of the water dragging force, which can be
erived from the given water speed according to Eq. �1�.
herefore, the calibration of the trapping force as a function
f the bead shift is obtained by gradually varying the speed
f the water flow and simultaneously measuring the corre-
ponding displacement of the bead shift.

To measure the corresponding displacement of the bead
hift, a CCD camera or a quadrant photodetector �QPD� is

sually used. In the QPD detection technique, a pattern,
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which is created by a fluorescent bead or scattered light
from a bead, is imaged on a QPD.6–8 The movement of the
pattern reflects and magnifies the real movement of the
bead, thereby offering nanometer spatial resolution and fast
temporal resolution in detecting the bead shift. However, a
CCD camera is nowadays common and standard equipment
on a commercial microscope. Its spatial resolution can also
reach a few nanometers, as described in several articles.2,9

It does not need another ultralow-noise amplifier such as is
needed to process the signal from the QPD. Moreover, the
CCD camera directly images the bead, so that, with an
image-processing technique, we can measure the displace-
ment of any bead in the field of view, whereas the QPD can
only measure the pattern from a specific bead. Although the
temporal resolution of CCD camera detection �a few tens of
hertz� is not as good as those of QPDs �up to megahertz7�,
the few-hertz CCD camera temporal resolution is still suf-
ficient for many experiments. Thus, a CCD camera detec-
tion technique is a simple and low-cost choice for measur-
ing the bead shift. In this article, we demonstrate the way to
measure and analyze the bead shift by using a common
CCD camera and a commercial software application for
real-time image processing.

Nowadays, some of the commercial image-processing
software is real-time, convenient, and user-friendly. Unlike
conventional image-processing techniques, which involve
time-consuming image recording, transferring, storing, and
retrieving, the pattern recognition technique of our com-
mercial software application directly processes the image
signal at a rate of 10 Hz. In this experiment, we combine
the dragging-force method with the real-time pattern recog-
nition technique to calibrate the relationship between the
trapping force at a given laser power and the displacement
of the bead shift.

2 Setup
The setup of our optical tweezers system is shown in Fig. 1.
An Ar+ gas laser �Lexel Laser 3500� provides a laser beam
with two dominant wavelengths at 488 and 514 nm. First,
the laser beam is directed into the objective �numerical ap-
erture 1.25, 100�, oil-immersed; Nikon� of a microscope
through two mirrors M1 and M2, a focusing lens, and a
dichroic mirror �CVI laser mirrors AR1-1025-45�. Note that
the focal length of the focusing lens is so chosen that the

Fig. 1 The setup of the Ar+-laser-based optical tweezers system.
laser beam fills the objective entrance aperture. In addition, u
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he focusing lens is adjustable along the optical axis so that
he laser beam comming out of the microscope will con-
erge on the sample plane of the microscope to trap a target
ead in water on top of a glass slide. The glass slide is
laced on a dc motorized stage �Newport 860A motorizer
ith a 860-C2 motion controller�, which provides a maxi-
um speed as high as 1300 �m/s. According to Eq. �1�, a
aximum dragging force up to 122 pN is thus available for
10-�m-diameter target bead. From the other end of the

ptical path, a light bulb illuminates the trapped bead via a
ondenser. This projects a bright-field image of the bead
nto a CCD camera via the objective followed by the di-
hroic mirror and a laser line filter. Both of them reject the
ackscattered Ar+ aser light from the trapped bead. Lastly,
he bright-field image of the trapped bead is monitored by
he CCD camera and transferred into a computer via an
mage grab board �National Instrument PCI-1409�.

Program
n this experiment, the speed of the motorized stage and, as
consequence, the water dragging force are controlled by a
ater-flow-control subprogram via a data acquisition card

National Instrument PCI-6024E�. In addition, the center
oordinates of the trapped bead in each frame are located
ith a pattern recognition technique by an image-analysis

ubprogram, which results in the displacement of the bead
hift. Both the water-flow-control subprogram and the
mage-analysis subprogram, constituting the image-
rocessing program, coordinate the operation of the calibra-
ion procedure.

First, the image-analysis subprogram is established on
he platform of two LabVIEW application programs: NI-
maq and Imaq Vision. NI-Imaq is powerful in image ac-
uisition and storage. Complementarily, Imaq Vision is ef-
cient in image processing, especially in pattern
ecognition. Thus, the combination of NI-Imaq and Imaq
ision enables the real-time measurement of the displace-
ent of the bead shift.
Second, the water-flow-control subprogram is respon-

ible for driving the motorized stage of the microscope at
arious speeds. This induces a controllable water flow,
hich generates a desired water dragging force to calibrate

he trapping force of optical tweezers. Consequently, this
mage-analysis plus water-flow-control program plays an
mportant role in the automation of a real-time trapping-
orce calibration system for optical tweezers.

Method
s shown in Fig. 2, the flow chart of the image-analysis
lus water-flow-control program for the automation of the
rapping force calibration comprises four steps. The first
tep of this main program is to build a learn template for
attern recognition by using the image-analysis subprogram
fter the computer starts receiving the image signal from
he CCD camera. For this purpose, as shown in Fig. 3�a�, a
egion of interest in a picture frame containing the profile
f the target bead image is manually assigned to the image-
nalysis subprogram as the learn template. Subsequently,
his subprogram will create a description of the template
mage. Then this subprogram will continue to the matching
tep. During the matching step, the template description is

sed to search for the matched pattern in the subsequent
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frames. As a result, the image-analysis subprogram will
output the center coordinates of any pattern that matches
the target bead’s profile in the learn template, as shown in
Fig. 3�b�.

The second step of the main program is to move the
stage forward at a constant speed by the water-flow-control
subprogram. This subprogram manipulates the motorized
stage via the analog output voltages from the LabVIEW
data acquisition card. Thus, the movement of the stage in-
duces an effective water flow relative to the trapped bead.
Consequently, this step generates a water dragging force on
the bead.

The third step is to track the shifting bead by the image-
analysis subprogram in each of the subsequent frames taken
by the CCD camera, utilizing the learn template technique
from the first step. Then, the image-analysis subprogram
outputs the center coordinates of the shifting bead in real
time. As explained earlier, the trapped bead will be shifted
to a new equilibrium position where the water dragging
force is balanced by the resulting trapping force arising
from the bead shift. When this equilibrium situation occurs,
the main program stores only the magnitudes of the dis-
placement of the bead shift and the corresponding water
dragging force according to Eq. �1�. Without storing and
retrieving any image files, this image-analysis subprogram
is rapid enough to track the shifting bead.

Finally, the fourth step is to move the stage back to its
original position by the water-flow-control subprogram.
Then, the main program repeats the second step but moves
the stage forward at a new speed. Subsequent steps follow

Fig. 2 The flow chart of the image-analysis plus water-flow-control
program.

Fig. 3 Pattern recognition algorithm. �a� A yellow circle in a frame
defines the region of interest containing a target bead as a learn
template. �b� The bead within a red rectangle in a subsequent frame
pmatches the target bead in the learn template.
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ikewise. Repeating this procedure on varying the speed of
he stage in the second step, the main program obtains the
elationship between the displacement of the bead shift and
he water dragging force.

Results
ecause there is no image storing and retrieving in the
ain program, we achieve a real-time image acquisition

nd pattern recognition rate up to 10 image frames per sec-
nd in this experiment. As to the quality of the bead image
n the frames, a 10-�m-diameter target bead occupies
33 pixels on a CCD camera chip. Therefore, a shift of the
mage on the CCD chip from one pixel to another is
5 nm �=10 �m/133 pixels�. Since we use this CCD im-
ge to track the bead displacement, this results in a guaran-
eed spatial resolution of 75 nm per pixel for pattern recog-
ition of the trapped bead while the motorized stage is
riven at a constant speed. Because the bead is directly
maged on the CCD camera without introducing any other
maging technique such as DIC or phase contrast, the spa-
ial resolution is not as good as those described in Refs. 2
nd 9. However, the spatial resolution could be easily
mproved—for example, from 75 to 25 nm if we just mag-
ify the image by 3�.

Figures 4�a� and 4�b� show the images of the same
rapped bead when the motorized stage is immobile and
obile, respectively. The center coordinates of the bead are

utput to the front panel of the image-analysis plus water-
ow-control program. Consequently, the displacement of

he bead shift—the separation between the center of the
rapped bead in Fig. 4�a� and in Fig. 4�b�—is obtained.

The speed of the motorized stage is slowly increased
rom zero to the speed at which the trapped bead is just
ashed off by the water flow. Simultaneously, the trapped
ead is tracked over this period of time. As a result, the
ain program succeeds in automatically calibrating the re-

ationship between the trapping force of the optical twee-
ers at a fixed laser power and the displacement of the bead
hift, in 5 min.

In our experiment, the motorized stage was driven at 10
ifferent speeds at each laser power. At each speed, 15
mage frames were acquired for pattern recognition of the
rapped bead at 10 Hz, which results in an averaged dis-
lacement of the bead shift. For repeatability, this process
as executed 5 times for a total of 750 image frames. Spe-

ifically, we calibrated the trapping forces on two target
eads 10 and 6.2 �m in diameter, separately, at two laser

ig. 4 Bead images when the motorized stage is �a� immobile and
b� mobile.
owers, 5 and 10 mW, alternately. In addition, we calcu-
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lated the theoretical prediction under the same conditions.
In this calculation, we assume that the temperature of water
is 30°C, and the corresponding water-dragging coefficient
� at this temperature is 0.7975.10 Figure 5 shows the com-
parison between the experimental data and the theoretical
results3,11 of the displacements of the bead shift as a func-
tion of the trapping forces that correspond to 10 different
water dragging forces.

6 Discussion
There are two features associated with the demonstrated
automation technique for calibrating the trapping force of
optical tweezers: linearity and rapidity. First, it is obvious
that the measured displacement of the bead shift in Fig. 5 is
linearly proportional to the trapping force, all the R2 values
for the experimental data being greater than 0.97. This con-
firms that optical tweezers do behave like an optical spring
except for a small difference between the slopes of the
experimental data and the theoretical predication. Second,
the simplified calibration procedure can be executed auto-
matically and rapidly in only 5 min at each laser power, as
discussed in the following paragraphs. Therefore, we be-
lieve that the automated calibration technique as demon-
strated in this work is reliable enough to be applied to bio-
logical force measurement.

In measuring biological force, it is sometimes beneficial
to monitor the variation of the force as a function of time.

Fig. 5 The comparison of theoretical prediction
two laser powers, �a� 10 mW and �b� 5 mW. S
10 mW and �d� 5 mW.
For this purpose, it is desired to track the displacement of r
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he bead shift in real time. Conventional image-processing
echniques are too slow for this purpose, because they first
ecord all the images of an event from a CCD camera with

recorder, then transfer a portion of the recorded images
nto a computer and stores them on its hard disk, and last,
etrieve the stored image files into a computer buffer for
mage analysis frame by frame. Recall that at least 750
mage frames are analyzed for the trapping force calibration
t each laser power in this experiment. In view of the time
t takes to record, transfer, store, and retrieve so many im-
ge frames, real-time force monitoring is impossible.

Our pattern recognition technique is much faster. This is
ecause the image-analysis subprogram directly processes
he image signal without storing and retrieving any of the
mages themselves. As described earlier, it grabs a single
mage frame at a time from the CCD camera into the com-
uter buffer for pattern recognition. Then, it stores on the
ard disk only the resulting center coordinates of the bead,
ithout any image frame. Therefore, the bead can be

racked quickly and continuously with this pattern recogni-
ion technique, which enables real-time biological force
onitoring.
On the other hand, it should be pointed out that, as

hown in Fig. 5, the slope of the experimental data is
lightly smaller than that of the theoretical calculation.
able 1 shows that the ratio of the experimental slope to the

heoretical slope is 1.005 on average. This discrepancy may

perimental data on a 10-�m-diameter bead at
omparison for a 6.2-�m-diameter bead at �c�
and ex
imilar c
esult from the unstable movement of the motorized stage,
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the fluctuation of the laser power, and the errors in measur-
ing the bead sizes and water temperature, leading to inac-
curacy of the water-dragging coefficient.

7 Summary
In this experiment, we have demonstrated the automation
of a rapid trapping force calibration system for optical
tweezers by simply combining our pattern recognition tech-
nique with the water-dragging-force method. Once the
main program of the calibration system is executed, the
relationship between the trapping force at a given laser
power and the corresponding displacement of the trapped
bead is automatically calibrated in 5 min. Because there is
no image storing and retrieving, the technique is rapid
enough to track the trapped bead at a rate of 10 Hz with a
spatial resolution of 75 nm. Therefore, we believe that our
automated calibration system is reliable enough to be ap-
plied to real-time biological force measurement.
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