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Force generated by human sperm correlated to velocity and 
determined using a laser generated optical trap* 

Yona Tadir, M.D.t:j: 
William H. Wright, M.Sc.t 
Omid Vafat 

Teri Ord§ 
Ricardo H. Asch, M.D.§ 
Michael W. Berns, Ph.D.t 

University of California-Irvine, Irvine, California 

The development of the single beam gradient 
force optical trap has made it possible to manipu
late cells using a single beam of laser light.1 This 
trap confines the cell to a spot just below the focal 
point of the laser beam in the axial direction and 
centered in the beam in the transverse direction. 
The force generated by the optical trap can be 
greater than all other forces acting on the cell. 
Scattering of the laser light through the cell is re
sponsible for the magnitude and direction of the 
net force on the cell. 

Several experiments have demonstrated the ma
nipulative capabilities of optical trapping. Ashkin 
and Dziedzic2 manipulated viruses and bacteria us
ing visible and infrared laser beams. It has been ap
plied in flow cytometry to selectively trap and ma
nipulate individual cells with high accuracy,3 and 
also to the measurement of bacterial flagellar com
pliance.4 Optical trapping has been used to study 
chromosome movement in animal potorus tridac
tylus kidney cells.5 It has been reported that optical 
trapping in the infrared spectrum causes little or 
no visible damage to the trapped object. 2 In a previ
ous study, we described the feasibility of trapping 
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and manipulating sperm. 6 Exposure to the laser 
trap for <30 seconds did not cause significant 
change in sperm motility; however, longer expo
sures (>45 seconds) caused a gradual decrease in 
velocity. 

Minor adjustments to the previously described 
system enabled us to measure the relative force 
generated by human sperm. The measurements 
were performed by immobilizing the sperm with 
the optical trap and gradually decreasing the power 
to allow the sperm to spontaneously escape from 
the trap. It is assumed that the force generated by 
each spermatozoa is proportional to the thresh
old trapping power required for immobilization 
(Fig. 1). 

MATERIALS AND METHODS 

The laser-induced optical trap employed in this 
study consisted of a Neodymium: Yttrium-Alumi
nium-Garnet (Nd:YAG) laser (Model 116; Quan
tronix, Smithtown, NY) operating continuous 
wave in the transverse mode, at an infrared wave
length of 1.06 J.tm. The beam was directed into a 
Zeiss photomicroscope (Zeiss, Thornwood, NY) 
and focused into the field of view using a 40X Neo
fluar objective. The laser power was controlled with 
a variable attenuator (Newport Corp., Fountain 
Valley, CA), and was measured to be 1 W at mini
mum attenuation. A beam polarizer (Melles Griot, 
Irvine, CA) was used to obtain a linear calibration 
curve. The spot diameter at the focal plane was in 
the range of 2 to 3 J.tm. A motorized X-Y microscope 
stage was used to move the sperm confined in the 
optical trap. A dichroic mirror was used to separate 
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Figure 1 Ray diagram depicting the basic principles of the 
optical trap measurements of sperm force. An infrared laser 
beam at a wavelength of 1.06 ,.m was directed through an objec
tive and focused above the sperm. Refraction ofthe rays R1 and 
&.! generates a transverse force F2 , when the sperm is not cen
tered in the trap, opposite in direction to the force F 1 generated 
by the sperm. The sperm escapes from the trap when F 1 > F 2 • 

the trapping beam from the image projected onto 
the video camera (Series 68; Dage-MTI, Michigan 
City, IN), which was recorded on videotape for 
later analysis. The recorded images were analyzed 
with an image processor (Model 151; Imaging 
Technology, Woburn, MA) connected to an IBM 
PC AT computer (IBM, Boca Raton, FL) acting as 
a host controller. The image processor was used to 
determine linear velocity of sperm (~m/s) before 
trapping for power measurements. A photodiode 
and calorimeter were used to calibrate the optical 
trap. 

A total of 705 morphologically normal sperm 
from six donors were trapped and released at room 
temperature for this study. Semen was washed and 
allowed to swim up in buffered Hepes solution. 
This was followed by a dilution and culture in Min
imal Essential Medium (MEM; Gibco, Grand Is
land, NY) to obtain a density of three to five sperm 
in the visual field of the microscope. Experiments 
were performed on a glass slide under a number 1 
cover slip, 4 hours after ejaculation. Starting from 
a power of 300 mW, the laser power was reduced 
until the sperm escaped from the trap. The release 
power was between 10 to 150 mW, equivalent to a 
power density ranging from 2 ·105 W /cm2 to 3.1·106 

W /cm2• There was a clear power threshold below 
which the sperm escaped from the trap. The length 
of exposure to the trap before the spontaneous es
cape was kept to a minimum ( <10 seconds). In two 
specimens, measurement of the sperm head size 
and laser trapping power was repeated 24 hours af
ter the first measurement. This was done to evalu
ate the influence of time after ejaculation on sperm 
force generation. Between measurements, samples 
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were stored at room temperature in the same cul
ture medium. 

Sperm motility patterns were classified as 
straight and zig-zag based on head displacement 
along their track of progression. 7 They were subdi
vided into three groups according to their linear ve
locities: slow (::::;20 ~m/s), medium (21 to 40 ~m/s), 
and fast (~:41 ~m/s) progressions. Other patterns 
such as bending and circular were excluded in this 
experiment for the simplicity of image processing 
analysis. For each sperm, the power threshold for 
trapping was correlated with the linear velocity 
and the motility pattern. The actual distance trav
eled by the zig-zag motile sperm was determined to 
be 62% greater than the linear distance. This cor
recting factor was determined by using the image 
processor to analyze the sperm on a frame-by
frame basis. 

RESULTS 

Figure 2A summarizes the correlation between 
the power threshold for trapping and linear veloc
ity for 705 sperm 4 hours after sperm ejaculation. 
The initial mean linear velocities of sperm in the 
slow, medium, and fast motile groups were 16.7, 
30.7, and 45.1 ~m/s, respectively. There was a cor
relation between velocity and laser power for the 
entire sperm population (Correlation coefficient, r 2 

= 0.987). The mean power readings for these 
groups were 57, 73, and 84 mW, respectively (sta
tistical analysis (t-test): slow versus medium P 
< 0.002, medium versus high P < 0.02). Our data 
indicates that zig-zag motile sperm had signifi
cantly higher power thresholds when compared 
with straight motile sperm with similar mean lin
ear velocities (Fig. 2B). In the slow motile group, 
mean linear velocity was 16.72 ~m/s for the 
straight motile and 16.71 ~m/s for the zig-zag mo
tile sperm. Power readings were 40 ± 7 m W and 65 
± 6 mW, respectively (P < 0.019). A similar trend 
was noticed in the medium and fast motile groups. 
As already mentioned the correcting factor for the 
actual distance traveled by zig-zag motile sperm 
was determined to be 62% greater than the linear 
distance. This parameter should be taken into con
sideration while analyzing the correlation between 
velocity and power. 

The measurement of the power threshold was re
peated 24 hours later for two specimens (Fig. 3). 
Both specimens exhibited a significantly lower 
power thresholds for trapping. In the slow motile 
group, the mean velocity decreased along with the 
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Figure 2 (A) Mean power of 705 sperm in slow (,;;20 p.m/s, n 
= 81), medium (21 to 40 p.m/s, n = 520), and fast (~41 p.m/s, n 
= 104) motile groups. Error bars represent the SEM. Statistical 
analysis of mean values: (t-test) slow versus medium P < 0.002, 
medium versus high P < 0.02. Correlation between motility and 
power, r 2 = 0.987 
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Figure 2 (B) Mean powers (and SEM) of straight (St) and 
zig-zag (ZZ) patterns compared at slow (St n = 28; ZZ n = 53), 
medium (St n = 208; ZZ n = 312), and fast motile sperm (St n 
= 53; ZZ n = 51) based on their linear velocity (P < 0.007; 
P < 0.0001; P < 0.0023, respectively). 

power. The mean release laser power for the slow 
motile group 4 hours after ejaculation was 55 ± 9 
m W. This decreased to 25 ± 3 m W 24 hours later 
(P < 0.0001). However, for the medium motile 
sperm, the power dropped from an initial reading 
of 99 to 50 m W 1 day later (P < 0.016) despite the 
similarity in velocity. There were insufficient fast 
motile (~411-Lm/s) sperm in samples after the 24-
hour interval, accounting for their omission from 
Figure 3. 

Measurements of mean sperm heads 4 and 28 
hours after ejaculation revealed a size decrease of 
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no significance for one specimen (length, 5.33 
± 0.09 /-LID by width, 3.61 ± 0.08 /-LID at 4 hours and 
5.27 ± 0.1/-Lm by 3.5 ± 0.08/-Lm at 28 hours). In the 
second specimen, the mean sperm size decreased 
from 4.98 ± 0.08 /-LID by 3.48 ± 0.06 /-LID to 4. 79 
± 0.09 /-LID by 3.2 ± 0.06 /-LID (significance for length, 
P < 0.054 and width P < 0.0007). 

DISCUSSION 

The magnitude of force generated by sperm to 
induce forward progression is a function of flagellar 
beat kinematics, sperm morphology, and surface 
properties. Understanding the complexity of sperm 
motility may reveal its relationship to fertilization. 
During the last decade, computer-assisted sperm 
analyses have been applied in the study of sperm 
motility, however, these methods do not incorpo
rate any active element that permits determination 
of sperm force. The development of the single beam 
gradient optical trap provides a new approach to
wards determining the amount of force generated 
by individual spermatozoa. At the threshold level 
where the trapped sperm is released, the force gen
erated by the sperm is equal to the force exerted by 
the optical trap. The latter is proportional to the 
power of the laser beam. One might expect that the 
force generated by sperm to induce movement is 
proportional to its velocity, as suggested by Stokes' 
law. Our observations demonstrate a direct corre
lation between force and velocity. These results 
demonstrate the potential of the optical trap to 
make these measurements. This technique may 
further be developed into a new method for classi
fying sperm performance and studying sperm 
physiology. 
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Figure 3 Mean velocity and power changes of slow and me
dium motile sperm over a 24-hour period. There was a signifi
cant decrease in velocity and power of the slow group (P 
< 0.0001), and in velocity (P < 0.0167), and power (P < 0.0001) 
in the medium motile sperm. (slow motile post 4 hours n = 28; 
post 28 hours n = 60; medium motile post 4 hours n = 181; post 
28 hours n =53). 
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We note that sperm trapped in this study re
quired a holding power in the range of 10 to 150 
m W. This calls into question the high laser power 
level used in our previous study,6 before the inser
tion of an attenuator. It is suggested that a lower 
trapping power level may result in a less damage to 
the sperm. The significantly higher power thresh
old for trapping associated with zig-zag sperm as 
compared with the straight motile sperm may be 
attributed to the actual higher velocity of the for
mer pattern. The correcting factor obtained from 
the measurements of actual distance traveled, en
abled us to suggest that the actual velocity of the 
zig-zag sperm was higher than the values deter
mined by the image processor for the linear veloc
ity. This explains the differences in the power mea
surements for straight and zig-zag motile sperm in 
the same linear velocity group. 

There is a question concerning the reduction in 
sperm power 24 hours after initial measurement in 
the medium motile sperm. This observation may be 
attributed to several factors. One of them may be a 
difference in sperm head shape. However, since 
there was no difference in the mean head size in 
one case, and borderline significance in the other, 
this difference is probably not the sole cause for the 
decrease in release power. There is a possibility 
that the physiological mechanism of sperm motil
ity (i.e., a change from zig-zag to straight progress
ing) allows a difference in energy consumption. An
other possible explanation may be attributed to 
changes in optical properties of the sperm head. 
Current equipment is not capable of measuring 
these parameters. 

Assessment ofthe clinical relevance of this study 
would be premature, however, further investiga
tions in the application of the laser optical trap 
may provide a tool for the study of sperm motility. 
This tool may also be used to provide a more accu
rate determination of the effects of chemicals on 
sperm motility, and may be developed into a tool 
for sperm micromanipulation. 
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SUMMARY 

The development of the single beam gradient 
force optical trap has made it possible to manipu
late cells solely by laser light. A continuous wave 
Nd:YAG (1.06 Jtm) laser beam was directed into a 
conventional microscope and focused onto the 
viewing plane by the objective lens. The laser beam 
power at which human sperm were released from 
the trap was measured and correlated to the 
sperm's linear velocity before trapping. The mean 
trapping power readings for slow, medium, and fast 
motile sperm were 57, 73, and 84 m W, respectively. 
The analysis of measurements over the total popu
lation demonstrated that zig-zag motile sperm had 
significantly higher mean power readings when 
compared with straight motile sperm with similar 
mean linear velocities. In two cases, specimens re
quired significantly less trapping power when the 
measurements were repeated 24 hours later. 
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