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Fluid flow induced by nonuniform ac electric fields in electrolytes on microelectrodes.
I. Experimental measurements
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Under the influence of an ac electric field, electrolytes on planar microelectrodes exhibit fluid flow. The
nonuniform electric field generated by the electrodes interacts with the suspending fluid through a number of
mechanisms, giving rise to body forces and fluid flow. This paper presents the detailed experimental measure-
ments of the velocity of fluid flow on microelectrodes at frequencies below the charge relaxation frequency of
the electrolyte. The velocity of latex tracer particles was measured as a function of applied signal frequency
and potential, electrolyte conductivity, and position on the electrode surface. The data are discussed in terms of
a linear model of ac electroosmosis: the interaction of the nonuniform ac field and the induced electrical double
layer.

PACS numbses): 82.70.Dd, 47.65ta, 82.45+z, 85.90+h

[. INTRODUCTION tion of applied signal frequency, potential, electrolyte con-
ductivity, and distance from the electrode edge. In order to
The ac electrokinetic manipulation of particles is rapidly characterize the frequency variation of the double layer, the
becoming a major area of research, with particular applicatmpedance of the microelectrodes was measured. Previous
tions in biotechnology. The techniques employed in this fieldobservationg 14,15 have indicated the importance of elec-
allow characterization, identification, and separation of dif-trode polarizatiorj 17] in the mechanism responsible for the
ferent particle types in solution quickly and efficienfi-3].  fluid flow. The results are compared to a circuit model which
Recently, these methods have been applied to the subnfiualitatively describes the ac electro-osmotic fldg].
crometer scale for the characterization and separation of la-
tex sphereg4-6], viruses[7—9], DNA, and proteing 10].
The electric fields are applied to particles in solution by mi-
croelectrodes fabricated using semiconductor-manufacturing Measurements of fluid motion were made on microelec-
processe$11]. The high electric field strengths can induce trode structures fabricated using microelectronic manufactur-
fluid flow, and such flows have been observed in many adéng techniques. Pairs of plate electrodes were fabricated on a
electrokinetic experiment®,12]. planar glass substratenicroscope slideusing photolithog-
This paper describes a recently identified fluid flow whichraphy[11], consisting of layers of 10-nm titanium, 100-nm
is observed at low frequencigbelow ~1 MHz) [12]. On  gold, and 20-nm titanium. The purpose of the top layer of
coplanar electrodes, the direction of this flow is always pertitanium was to reduce the effects of corrosion at low fre-
pendicular to the electrode edge, driving fluid onto the elecquencies and high potentials. The electrodes were 2 mm long
trode surface. This type of flow has been used for the sepand 100um wide, and the gap between the electrodes was
ration of submicrometer particle§13]. It has been 25 um. A photograph of an electrode array is shown in Fig.
demonstrated that the fluid flow cannot be explained by eleci(a), with a schematic diagram in Fig(l).
trothermal mechanisni4.2]; instead the mechanism of elec-  ac signals were provided by a function generdfdrurlby
troosmosis has been postulated as the ofityh15. Electro-  Thandar Inst. TG120, RS components, JUkhd the voltage
osmotic flow arises from the force exerted on the electricabnd frequency measured independently using a digital oscil-
double layer by a tangential electric fidlti6]. In the planar loscope(Hewlett-Packard, USA Three different concentra-
microelectrode arrays used for ac electrokinetics, divergertions of KCI in water were used for the electrolytes with
electric fields are generated, and as a result a component obnductivities measured using a Hewlett-Packard impedance
the electric field lies tangential to the electrical double layeranalyzer HP4192A and a conductivity célbemtec, UK.
which is induced on the electrode surface. Therefore, ions iThe impedance of the electrodes when covered in electrolyte
the diffuse double layer experience a force that has a timavas also measured using the impedance analyzer. Submi-
average that acts from the edge, across the surface of tlweometer fluorescently loaded latex spheres of two different
electrode. This mechanism has been termed ac electrgizes, 557- and 216-nm diameters, were used as tracer par-
osmosig 14,15. ticles to measure fluid velocity. Particle movement was ob-
This paper presents details of the fluid velocity measurederved using a fluorescence microsc@idécon Microphoy,
using titanium microelectrodes, over a wide range of experiand recorded using a digital camera &dHS video(JVC).
mental conditions. The velocity data are presented as a fund-he video was transferred to a computer and analyzed frame

II. EXPERIMENTAL METHOD
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FIG. 1. (@) A photograph of the coplanar plate microelectrode

array used in this paper. The two electrodes are 2 mm long and 100 10° 10" 10° 10° 10 10° 10° 10

wm wide, and separated by a 2&n gap.(b) A schematic diagram Frequency (Hz)

of the coplanar plate microelectrode array showing the definition of

the axes used in the theory. FIG. 2. The measured impedance of the electrode array covered

by the three electrolytes, plotted as a function of frequency. The
by frame to give data in the form of individual particle po- different curves for the three electrolytes are marked as shown in
sition as a function of time. the figures, with the measured capacitance showfmjirand the
measured conductance shown(im.

Il RESULTS close to the electrode edge, and particles collected in a band

A. Impedance measurements on the electrode surface before dispersing much more slowly

For ease of reference, the three solutions of KCI will peunder the influence of diffusion. As the applied frequency
referred to a®, B, andC. The conductivities of the electro- V&5 d(_acreased, the magr_utude of the particle VEIOC'tY rose to
lytes were measuretat 20°0 as A: 2.1X10°3Sm % B: a maximum and the par'ucles. moved across.the entire elec-
8.6x10°3Sm % andC: 8.4x10°2Sm™ L. In order to (1:har- trode surface and out of the field of observation. As the fre-

acterize the polarization of the electrodes, and therefore th%uoeiir:)? dv;?:?egzgjea;id g’rggleers' (t:t:)entmigeglttlédri(;)\j(:gecr%asrs“f:]ee
variation in potential dropped across the double layer and thg]nt're electrode s' rfacl?e in the field of observation. A se-
electrolyte, the impedance of the electrode array when coe™ su ! eld. servation. .
ered with electrolyte was measured as a function of freduence of experimental images of this variation in behavior

quenc. Taking e tial mpecance of the sysem to b 2 b0 P 1L el?) e Wesuency wareton 1 e
capacitor and resistor in parallel, the capacitance and th nt in the different electrolytes, while the magnitude of the

conductance were determined as a function of frequenc;@ o .

The results are shown in Fig. 2. The limiting values at high elocity mcr_eased with voItage.

frequencies correspond to the capacitance and conductanceThe p"’!”'.c'e movement is assumed to _be the_ effect of
of the bulk electrolyte, since double-layer effects from theY,>COUS friction on the particles from a moving fluid, rather

electrode-fluid interface are not present at these frequencitzgg? gife?;:?rgcﬁggegig g;\i;’irtgfs ?g@grzsoflgﬁgtr?&?ﬁis
Deviation from the bulk values at lower frequencies is due t elec.trode od g but the art?/cles were observed tgmove At
the polarization of the electrodés7]. 9¢, P P

the electrode edge onto the surface. In addition, observation
at different heights above the electrodes showed particles
moving in convection patterns at high potentials.

Movement of the two different sizes of particles was ob- At the low and high frequency limits, where the flow
served simultaneously over a range of applied voltages andelocity was slight, positive dielectrophoresis was observed.
frequencies in each electrolyte. A schematic diagram of th@he use of the two sizes of particles enabled the effects of
observed particle trajectories for a fixed voltage is shown irdielectrophoresis to be clearly differentiated from fluid
Fig. 3(@. At high frequencies, movement was only observeddriven movement: the difference in the dielectrophoretic

B. Observed particle movement
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FIG. 3. (a) A schematic diagram of the observed movement of particles on the electrode array. At high freqligribEesnovement was
slight and maximum close to the electrode edge, falling off rapidly with distance. In this case, the particles had a tendency to gather in a band
on the electrode surface, which then dispersed much more slowly under the effects of diffusion. At intermediate fre@jueti@eselocity
close to the electrode edge was a maximum and the particles moved rapidly across the electrode surface, continuing from the field of
observation. At low frequencigéi), the velocity at the edge of the electrodes was reduced but the particles continued to move across the
field of observation at a significant raid@) An experimental graph showing the displacement of a typical particle relative to the electrode
edge as a function of time. The experimental conditionsew&k peak to peak at 1.01 kHz in electrolye (c) An experimental graph of
the step averaged velocity against distance from the edge of the electrode, for three frequencies showing the same trends as dascribed for
The potential wa 2 V peak to peak with electroly# (d) An experimental graph of the step averaged velocity against distance for a single
particle in electrolyteA at 2 VV peak to peak and 1.01 kHz. The curve is matched with a fifth order polyn@mea¢quation shown in figure
that accurately describes the behavior of the velocity over the range of interest, in this casen5—20

force magnitude is approximately 6.8], while the velocity thex axis[see Fig. 1b)], with the origin at the electrode edge
of the particle due to the fluid remains constant for the twoand the positive direction away from the gap. The average
sizes. The difference in the effects of the two forces allowedselocity between each point on this graph was then calcu-
them to be separated and the data from frequencies whefgted and plotted against the mean position. Figufe) 3

dielectrophoresis was observed were omitted. shows velocity curves for particles in electrolyteat 2 V
peak to peak, and three different frequencies. The trend
C. Measurements of fluid velocity shown here was similar for each of the three voltages. At

In order to quantify the fluid velocity, measurements werehigh frequencies, the velocity curve was almost symmetrical
made of the position of the fluorescent particles on the elecaround the edge of the electrode with a maximum value at
trodes as a function of time. The microscope objective waghe edge, but falling off sharply with distance. In the particu-
focused on the electrodes, and only particles in focus, i.elar case shown in the figure8.3 kH2, the velocity is ap-
within approximately lum of the surface, were used as flow proximately 70um/s at the edge. At a distance of Lon
tracers. 557- and 216-nm-diameter particles were observed &iom the edge, the velocity has decreased significantly and is
three different voltages: 1, 2, drb V peak to peak. For each no longer measurable. As the frequency was decreased, the
electrolyte and voltage, the frequency was stepped dowmelocity at the edge increased and the distance across the
from 100 kHz, with approximately three points per decadeelectrode over which the fluid moved also increased. At 633
and several minutes of video were recorded at each fre-lz, the velocity reached a maximum value of approximately
guency to allow measurement of several particles. 200 um/s close to the edge, and fell off sharply to a value

A typical plot of displacement versus time for one particle under 10um/s at 30um. Particles were still observed mov-
is shown in Fig. &) for electrolyteA at 1.01 kHz, and 2 V  ing at the limit of observation, which was approximately 45
peak to peak. The displacement plotted is the distance alongm. As the frequency was decreased further, the velocity
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FIG. 4. The experimental data represented as step averaged velocity against frequency for several positions on the electrode surface.
(a)—(c) show the results for electrolyta for voltages of 1, 2, ath5 V peak to peak, respectivelyd)—(f) show the results at the same
voltages for electrolyt®, and(g) and (h) show the results for electroly@® at 2 and 5 V peak to peak.

close to the electrode edge decreased, but the fluid continudd, 20, and 30um, were calculated from these curves. At
to move across the whole electrode surface. At 20.5 Hz, theach point, the average value was calculated and the range of
maximum value was approximately 40—%0n/s, and this velocities taken to be the uncertainty. Two alternative meth-
maximum value occurred between the edge and a distance ofis of analyzing the time-displacement data were examined,
10 um. At 40 um, the particle velocity had decreased to and a comparison of all three methods is summarized in the
approximately 2Qum/s. Appendix.

Each set of velocity data was matched with a best-fit poly- The complete set of velocity data is shown in Fig. 4.
nomial. Figure &) shows the data for electroly#® at 2 V  Figures 4a)—4(c) show velocity versus frequency curves for
and 1.01 kHz, together with a fifth order polynomial match-electrolyteA at 1, 2, and 5 V. Figures(d)—4(f) show the
ing curve. The values of the velocity at several points: 5, 10results for electrolyt® for the same potentials and Figsg#
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and 4h) show the results for electrolyte at 2 and 5 V. The (a) o tvolt
velocities calculated using this method for electrol@tat 1 600 —O— 2volts
V were small with a large uncertainty, and this data set is not 500 —O—bvolts
presented. In general, the eight graphs show similar behav-
iors. As frequency decreases the velocity rises to a maximum
value and then decreases. The frequency at which the maxi-
mum velocity occurs increases with electrolyte conductivity,
and decreases with the distance from the edge. For a fixed
frequency, the velocity increases with voltage and with de-
creasing distance. These relationships will be explored fur- 01
ther in Sec. IV. 10’ 10° 10° 10*
The exception to the general description is Figc)4 Frequency (Hz)
which shows the data for electrolyfeat 5 V. Inspection of (b)
the curves for the data close to the edge suggests that the 250
velocity has a maximum observed value of approximately ] 00, ::i: :zz:::
500 um/s. However, at this velocity, the particles will cross 200 ¢ %
a distance of 2Qum between consecutive video frames. As a / k
result the analysis method is likely to be too approximate to
allow accurate determination of the velocity for experimental
points that are only fum apart. This issue is discussed more
fully in the Appendix.
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It has been shown previously that the fluid flow described
in this paper cannot be explained in terms of electrothermal FIG. 5. Comparison of the experimental velocity at4® from
effects arising from heating of the fluid by the electric field the edge of the electrode for electrolyt€a) andB (b) at the three
[12]. The electrothermal force is frequency dependent, with &Xperimental voltages, demonstrating that the three curves have ap-
characteristic frequencf,, related to the charge relaxation Proximately the same frequency of maximum velocity.
time of the fluid[12], and for the three electrolytes used in
this paperf . can be calculated to be 500 kHz for electrolyte the existence of electro-osmosis in divergent ac electric
A, 2 MHz for electrolyteB, and 19 MHz for electrolyteC.  fields.
Below this frequency the magnitude of the electrothermal In the linear approximation, the electro-osmotic velocity
force rises rapidly over one decade to a maximum value, ani$ proportional to the charge in the double layer and the
then remains constant as the frequency decreases. Takimngential electric field14]. In divergent ac fields the force
Fig. 4@ as an example, it can be seen that the measureeierted on the induced charges has a nonzero time average,
velocity starts to rise rapidly at a frequency two orders ofand acts from the electrode edge across the surface of the
magnitude belowf.., and reaches a maximum three orderselectrode, exactly as observed experimentally.
of magnitude belowf... The velocity does not remain con- In order to investigate the relationship between experi-
stant, and an order of magnitude calculation of the expectethental measurements of fluid flow and electrode polariza-
electrothermally induced velocity12] gives a value of ap- tion, the method in Refl14] was used. Experimental mea-
proximately 1um/s at 10um in from the edge, much less surements of the electrode impedance were analyzed to give
than the observed values. In addition, the velocity magnitudéhe normalized voltage across the electrolyte and the double
for electrothermal flow is expected to be proportionaMb  layer. Since the measured impedance at high frequencies is
[12], which again is not observed experimentdys can be the impedance of the bulk electrolyte, the impedance of the
seen from Figs. @) and §b)]. Finally, the magnitude of the double layer can be obtained by assuming a simple series
electrothermal velocity should increase with conductivity butcircuit (the values for the voltage drop and impedance rep-
the observed fluid flow velocity decreases. It can therefore beesent an average across the entire electrode surfahe
concluded that the observed fluid flow is unlikely to be re-voltages across each component can subsequently be derived
lated to electrothermal effects. as a function of frequency. The results of this analysis are

Other authors have also reported movement of particleshown in Fig. 6 for the three electrolytes, with the real and
close to the surface of electrodgk9,20. In these publica- imaginary parts of the potential across the electrolyte plotted
tions, the movement was attributed to fluid flow arising fromagainst frequency. The real pdfig. 6a)] is minimum at
the interaction of divergent fields around the particles andow frequencies, rising sharply to a maximum value at high
conduction currents in the double layer. For the type of fluidfrequencies. The converse is true for the potential across the
flow described in this paper, the driving mechanism is re-double layer. If a simple linear approximation is considered,
lated to electrode polarization processes, as has been outlindte ac electro-osmotic velocity is proportional to the product
in previous publicationd14,15 and is referred to as ac of the tangential electric field and the charge density in the
electro-osmosis. An adequate theory based on this idea rédiffuse double layer. Since the potential across the electro-
mains to be constructed, but there are some qualitative argite is very small at low frequencies, the tangential electric
semiquantitative arguments that can be presented in favor dield at the double layer is similarly small. The surface
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FIG. 6. The normalized voltage across the electrolyte, plotted as FIG. 7. (&) The experimental velocities at @m for 5 V in the
real (@) and imaginary(b) parts, calculated from the experimental three electrolytes. The frequency of the maximum velocity in-
impedance measurements by modeling the electrolyte and doubtaeases with increasing electrolyte conductivity, but the values of
layers as impedances in series. At low frequencies, the real part dfie maximum velocity decreaséb) The experimental velocities at
the voltage across the electrolyte is a minimum, and, at high fre10 and 20um for 1 V peak to peak in electrolytes and B. The
guencies, the converse is true. order of magnitude of the velocities for each of the two displace-
ments is the same in both electrolytes.

charge density is proportional to the potential across the 22
double layer, and is very small at high frequencies. There- _ E Vo
P : . (v)= 22> €y

fore, from this simple model, the ac electro-osmotic velocity 8 7x(1+Q°)
would be zero at high and low frequency limits and maxi- ) o )
mum at an intermediate frequency, similar to the experimenWheree is the permittivity of the electrolyteY,, is the po-
tal observations. This frequency will correlate with the char-t€ntial applied to the electrodes; is the viscosity of the
acteristic frequency of the electrode polarization process, aglectrolyte, and is the distance from the center of the gap
can be seen in Fig.(B), where the imaginary component of etween the electrodes. The nondimensional frequéhey
the potential across the electrolyte is plotted. This figure ca'ven by
be compared with Fig. (@), which shows the velocity at 10 e
pm as a function of frequency for the three electrolytes at 5 O =wx— 5 K 2
V peak to peak. The frequency of maximum velocity in- 7
creases with conduc_:tivity, and the characteristic frequencieghare o, is the angular frequency of the field, is the con-
of the velocity and impedance measurements clearly COM&juctivity of the electrolyte, and is the reciprocal Debye
late. . . _ length of the double layer. Equatid) gives a bell-shaped

These observations provide evidence that ac electroyrofile for the frequency dependence of the velocity, ap-
0sSMmosis is responSible for the fluid flow. However, the analy-proaching zero at h|gh and low frequency limits. Figure 8
sis can be taken further by modeling the double layer as ghows the experimental velocities for electrolyfe&) andB
distributed linear capacitor, as described in Réb]. An  (b) at 2 V, and electrolyteC at 5 V (c). For comparison,
equivalent circuit was constructed with the electrolyte decurves of the theoretical velocity multiplied by a constant
scribed as a concentric series of resistors following semicireorrection factor are shown as solid lines. The model predicts
cular paths between the electrodes, terminated at either emymmetrical curves with a maximum @t=1 for each of the
by a discrete component of double-layer capacitgidd.  three electrolytes. As can be seen from Fig. 8, the experi-
Each resistor has a different length, and the current polarizemental curves are approximately symmetrical about a value
each component of the capacitance at a different time, resulof () of order 1, although the value for the three electrolytes
ing in a variation in the potential at the double layer/was not the same. This model explains the variation in ve-
electrolyte interface across the electrode. The electrolocity as a function of frequency and distance, as shown in
osmotic velocity ig15] Figs. 3a), 3(c), and 4, since the velocity is a function 6f
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A @ 2volts correction factor that varies both with electrolyte conductiv-

150 - ity and applied potential. The correction factor is much less
than 1 for the higher conductivities, but for electrolyte¢he
correction factor was of order 0.1 for all three voltages.
However, as can be seen in Figby, the experimental ve-
locities far 1 V peak to peak in electrolyte& andB at dis-
tances of 10 and 2@m are of the same order of magnitude,
and the correction factor was of order 0.1 for both electro-
lytes. This may be an indication that a theory derived using
the linear model for the double layer applies at low values of
the potential.

The experimental data are unlikely to be correctly de-
scribed by the linear approximation outlined in Ref5]. In
70 - order to account for the observed behavior of the fluid, a
more detailed theory must be derived, which includes the
Navier-Stokes equation and a better description of the
double-layer structurg21].

100 -
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Velocity (um/s)

-
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V. CONCLUSION

Velocity (um/s)
8

Detailed experimental measurements have been made of
the velocity profile of electrolytes experiencing a force due
to an ac electric field on coplanar plate microelectrodes. The

0.01 i .
measurements have been analyzed as a function of applied
signal potential, frequency, electrolyte conductivity, and po-

(c) sition on the electrode. It has been found that the fluid ve-

120 - locity on parallel coplanar electrodes always acts in the same

100 | direction, from the gap between the electrodes across the

» electrode surface. The velocity at any position on the surface

§ 80 7 is zero at low and high frequency limits, with a maximum at

‘3,' 60 - a characteristic frequency that does not appear to depend on

'g 40 ] voltage but does depend on electrolyte conductivity. The

E 20 | measurements indicate that electrothermal effects are not re-
sponsible for this type of fluid flow. The experimental ve-

00 . locities can be related to the polarization of the electrodes by

a nonuniform electric field. The experimental data have been
compared with a simple model based on the interaction of

FIG. 8. The experimental velocity data ft) electrolyteA at 2 the nonuniform electrit_: field and the induced electrical_
V peak to peak(b) electrolyteB at 2 V peak to peak, antt) double layer, a mechanism referr_ed to as ac electro-osmosis.
electrolyteC at 5 V peak to peakdashed lines plotted against the  The frequency dependent behavior has been found to be de-
dimensionless frequend®. The theoretical curvesolid lineg are  Scribed by the model, but the expected velocities were higher
derived from Eq.(1), multiplied by a correction factor. The three than the experimental by a value that varied with applied
lines are for distances from the electrode edge of 10, 20, and 3potential and electrolyte conductivity. At low potentials, the
um. The values for the correction factor wei@ 0.13, (b) 0.055,  predicted velocities are in reasonable agreement with the ex-
and(c) 0.015. periments.

In our subsequent paper a more detailed theory will be
rather than simply the frequenaey. The bell-shaped experi- presented that describes the mechanism of ac electro-osmosis
mental velocity curves are approximately twice as wide asn microelectrodes. A comparison with the experimental data
the predicted curve, and are likely to be caused by a spreaglill also be presented.
in relaxation times associated with the geometry and elec-
trode polarization. ACKNOWLEDGMENTS

The predicted velocity as a function ©¥ is proportional
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APPENDIX: METHODS FOR CURVE MATCHING
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(1) The first method involved matching a curve to the 120 1
displacement vs. time cun{&ig. 3(b)] for each particle. The 100
equation for the best-fit line was then differentiated to give 0
the reciprocal velocity as a function of distance. The values E 80
for each particle for a particular position, voltage, frequency, =
and electrolyte were averaged, and the spread in values taken £ 607

. [*]

to be the uncertainty. O 401

(2) The second method involved calculating the average 3
velocity over a step between two positions, and assigning 20 )
this value to the midpoint of the step. The data for all par- 0 ..., —r—rrrrr———r—rrrrrn
ticles for a particular voltage, frequency, and electrolyte were 10° 10° 10° 10
then plotted against distance. A best-fit curve was then Frequency (Hz)

matched to the combined data set, the velocity at a position . .
calculated, and the uncertainty taken to be the maximum FIG. 9. A comparison of the three methods of curve matching
spread of values on either side of the curve. the data fo 5 V peak to peak in electrolyt€. Curves for 10um

(3) The third method was the one described in the mairfSquares 20 um (triangleg, and 40um (circles are plotted. The
body of the paper. The average velocity over the step pesolid lines show the results of the first method, the dashed lines
tween two points was again calculated and assigned to tH{Bose of the second method, and the dotted lines those of the third
midpoint of the step. The velocity was plotted against dis-T€thod. There was no 40m curve from the third method.

placement for each particle, and matched to a best-fit curvgnhe velocities were not high as can be seen in Fig. 9. The
The velocity values for a particular position, voltage, fre-second method also produced large uncertainties since the
quency, and electrolyte were then averaged, and the variatioariation due to Brownian motion, which is small in the dis-
in calculated values taken to be the uncertainty. placement data, can be large in the step average velocity
Figure 9 shows a comparison of the velocity data obtainedlata. The third method, for which the curves matched those
from each of the three methods for 5 V peak to peak inproduced by the second method, eliminates to a certain ex-
electrolyteC. The three curves match closely for all of the tent the random variation of Brownian motion for a single
2-V data but there are slight differences for the 5-V data. Agarticle and produced much smaller values of uncertainty.
stated in the main text of the paper, the second and thirdhese smaller values are more likely to be the experimental
methods have the drawback that a particle will pass acrossncertainty produced for example by the digitizing of the
~20 um in one frame of the video for the highest velocities video images. However, since each particle was considered
(~500 um/9). Since these two methods average the velocityindividually, little or no data could be obtained at 40n
over the frame, it is not possible to assign an accurate velowith the third method. Although, the velocity data at the
ity to several points fum apart in the step. The first method, higher magnitudes5 V peak to peak in electrolytd, for
on the other hand, extrapolates a curve across the step, asgample is less likely to be accurate, the third method was
can make an estimate of the behavior. However, this resultshosen. However, it should be noted that for all three meth-
in large variations in values and a large uncertainty. Largends, the velocity agreed in all cases where the velocities were
uncertainties were found for the data in general, even whertess than 30Qum/s.
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