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Abstract

This paper examines geometric scaling models for field flow fractionation systems to understand how channel dimensions affect resolution an
retention. Specifically, the changing contribution of the instrumental plate height during miniaturization of field flow fractionation (FFF)isystem
reported. The work is directed towards determining the optimal geometrical parameters for miniaturization of field flow fractionation systems. The
experimental relationship between channel height in FFF systems and instrumental plate heights is reported. FFF scaling models are modified to:
better clarify the dependence of plate height and resolution on channel height in FFF and (ii) include a more complete geometrical scaling analysi
and model comparison in the low retention regime. Electrical field flow fractionation has been shown to benefit from miniaturization, so this paper
focuses on that subtype, but surprisingly, the results also indicate the possibility of improvement in performance with miniaturization &f other fie
flow fractionation systems including general FFF subtypes in which the applied field does not vary with channel height. This paper also discusse
the potential role of more powerful microscale field flow fractionation systems as a new class of sample preparation units for micro-total-analysis
systems .- TAS).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction more reliable testing tools. During the last decade this concept
has resulted in an explosion of research in the area of micro-total-
A variety of analytical techniques are now available for char-analysis-systemsuTAS) [1,2] or lab-on-a-chip technologies.
acterization, analysis, and classification of nanoparticles and Typically, u-TAS are composed of several unique compo-
biomaterials suspended in liquid media. Typically, these testaents that perform specific functions, such as sample prepara-
are carried out in dedicated labs using large, expensive, slodipn, reaction, detection, or signal processing. In such systems,
and complex equipment. These tools consume large volumes emple preparation is one area that continues to prove difficult
sample and require a number of different analytical and purificato effectively miniaturize. In qu-TAS the sample preparation
tion steps. Overall this process considerably delays the desirexystem would be used to break down the barriers between the
end result. Accordingly, numerous research groups are workinmacroscale world of “real” samples and the microscale world
to develop portable versions of laboratory test equipment witlof “prepared” samples. Macroscale sample preparation meth-
the hope of being able to create faster, cheaper, more efficientaods are often extremely difficult, complex, or even impossible
to implement on the microscale, and may be challenging to fab-
_— ricate. Therefore, other methods more compatible with micro-
* Corresponding author. Tel.: +1 801 585 3176; fax: +1 801585 9826. fapyrication techniques must be developed to allow the full range

E-mail addresses: h|manshu.sant@utah.edu(H.J.Sant),gale@eng.utah.ed(u)f Iab-on-a-chip devices to be created. One technique that has

(B.K. Gale). ] . o . .
URL: www.mems.utah.edu. the potential to address this problem is field flow fractionation
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TL and electrical systems, but this paper will show a few ways in
Sample Input Top X Sample Output which even general FFF systems may be able to improve per-
m + + + Electrode + + + + L'[ - formance through miniaturization.
7 ’ 20J.£m

. = || I UL l While a recent communicatid8] on channel height reduc-
e P s TS tion effects in TFFF seems to indicate the reduced performance
Bottom {E& g%,): with miniaturization for thermal field flow fractionation, the
. experimental protocol used in that work does not include a
Fig. 1. Diagram of operation of an EIFFF system showing the input and outreduced sample size, sample injection loop, or post column tub-
put ports, applicatiqn of electric _field, the pargbolic_flow profile, the generaling length as required for successful miniaturized systems. We
separation mechanism, and relative channel dimensions. will discuss the importance of just such instrumental factors in
designing a microscale field flow fractionation system in this
Field flow fractionation is a chromatography-like separationpaper by building on guidelines presented eafRédr;25]
technique that was first described in the mid-1960s by Giddings To makew-TAS practical, the sample preparation systems
[3]. FFF relies on a field perpendicular to the direction of sepwill need to be both high speed and low power. In FFF the-
aration to induce a differential migration of particles injectedory, high-speed and low retention separations require a more
into the systeni4]. A wide variety of fields have been used in complex analysis than is required for high retention separa-
FFF systems with the most common FFF subtypes being flowions that can be modeled accurately using simpler equations.
[5], thermal[6], sedimentatiofi7], steric[8], and electrica]9]. Since high speed and low retention separations will likely be
Other subtypes of FFF that are of interest include gravitationalequired of FFF systems in @-TAS, this work will explore
[10], dielectrophoretid11], cyclical [12], and magnetic FFF the geometric scaling effects associated with these low retention
[13]. Combinations of these fields as well as variations on theseparations. Therefore, this paper will compare results generated
basic design are commonplgd®,14] using the best available modd# and that include additional
In standard FFF systems, the channel consists of a long, thiphenomena such as wall repulsion with the typical approximate
rectangular duct as shownfiig. 1 Pressure driven flow drives expressions that are only valid for high retent[@f]. While, a
the injected sample plug through the channel and as the samumber of publications are available on optimization of the oper-
ple components interact with the applied field, they are forcedting conditions for field flow fractionation systerf®&/], very
towards the wall of the channel. Depending upon the interactiofew communications have attempted to optimize the geometric
of the different components with the field, they take on a characdimensions of both macroscale and microscale FFF systems,
teristic average distance from the wall. When diffusion opposingvhich is the focus of this work.
the induced movement balances this field-induced movement,
an equilibrium condition prevails in the channel. Due to thep, Theory
parabolic velocity profile of the carrier fluid in the channel, the
various layers of particles move through the channel at differs ;. retention
ent velocities depending on their protrusion depth into the flow
stream. FFF retention theory is generally well developed and provides
In the last few years, several microfabricated field flow frac-the framework for the results deve'oped as part of this work
tionation systems have been reported including systems thggg 29] A basic parameter in FFF theory is the retention ratio,
rely on electrica[15,16] therma[[17,18] and dielectrophoretic g which is defined as the ratio between the elution time (or
[19] fields. These systems (along with the macroscale varietie®|ution volume) of unretained particles and the retained particles
are now being rapidly developed for a variety of applicationsof interest. The retention ratio can be related to the physical

including cell and biopolymer characterization and separationgyarameters of the particles being retained by the equation:
biowarfare agent detection, polymer analysis, and environmen-

tal monitoring. One of the promising systems, the electrical field, _ ¢, {coth (1) 3 ZA} )
flow fractionation system (EIFFHRO], has been the subject

of recent interest and a recent report elucidated some of the . . . .
primary scaling advantages associated with miniaturizing thgvherek |sanon-d|men3|ona_l par_ameter related to thethlckngss,
EIFFF system by comparing macroscale and microscale EIFFE’ of the channel, th_e applle_d field ;trength, and the physical
system[21]. Miniaturization of all other FFF subtypes may not p“’pe”_'es of the. part.|cles being retained. .

be as efficient as compared to EFFF, e.g. miniaturized thermal .At.h'gh rg_tentlon (ie. IOW values at), Eq.(1) for retention

FFF requires higher thermal energy input and efficient cooling ir{atlo is traditionally approximated as,

order to achieve a given temperature drop. But there are a nung _ g, . )

ber of clear advantages that come from miniaturization of any

FFF systenj22], including the possibility of on-chip detection This relationship is accurate within 5% f&=0.2, while its

and signal processin@3]. Earlier report§24] have indicated, accuracy is better than 2% Rt 0.05[26]. High speed separa-
though, that general FFF systems (those systems in which thi®mns, though, are likely to be produced at retention ratios well
applied field does not scale with channel thickness) are unlikelgbove this level (as high @&=0.7), so analysis at these lower
to claim the same scaling advantages associated with thermadtention levels needs to be performed to determine whether
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miniaturization is still practical at these retention levels. There2.2.1. Instrumental plate height
fore, this paper will closely compare the theoretical results In FFF systems, the instrumental component of plate height
obtained when Eg¢l) and (2)are used to estimate performance depends on the instrument set-up, channel geometry, the fluidic
parameters. connections, post-columnvolumes, and the sample injection size
Miniaturization of FFF channels may be limited by particle- and method. These elements that contribute to instrumental band
wall repulsion effect§20]. These interactions typically resultin broadening are not easily expressed in a comprehensive theory
the exclusion or the repulsion of the particles away from the walbind so have been ignored when examining these systems math-
and, hence, reduce the effective retention in FFF channels. Theseatically and conceptually. Thus, no comprehensive theory of
particle-wall interactions include electrostatic forces, hydrody-nstrumental effects exists and the effect of geometry on instru-
namic lift, and van der Waal’s attractive forces. To correct formental plate height is only known conceptually. Accordingly, in
these effects and determine their influence, a modified retentiahis work we measure the instrumental plate height as a func-
parameter is used. Tri et §20], have proposed the modification tion of FFF channel dimensions and analyze its effect on FFF
for x as: operation as channel dimensions change.

A=—+—"—+— (3)  2.2.2. Nom-equilibrium plate height

In FFF, the non-equilibrium component of plate heigti,
where/ is the average particle cloud thicknegss the diameter  is heavily dependent on channel thickness, diffusidand flow
of the particlesy’ contains information regarding all external velocity, v and is given by:
effects other than repulsion aidds the thickness of exclusion )
zone. This repulsion effect, which defines a constant exclug; _ x(Ww <U)_ (6)
sion zone, could prove a limitation for miniaturization, so the D
effect will be included in the retention models used in the dis-The functiony(1) is traditionally represented by
cussion of this work. The wall repulsion layer increases the
average particle cloud thickness and therefore amounts to  x(*) = 243(1 — 8 + 12).2). (7)
a change in. for retention ratio calculations. We have used this
modified A to evaluate the retention ratio in the mathematical
calculations.

Eq.(7)is a reasonable approximation fpfi) with error values

of less than 3% foR values up to 0.4 and a maximum error of 9%
whenR values reach 0.5. E{7) is a much closer approximation

to x(1) than the simplified form 24°, which was used in earlier
publications and has an error of more than 37%\fabout 0.03
(R=0.2) [26]. This approximation becomes even poorer.as
gets larger, as will be the case in some high-speed separations.
The exact expression fgi(A) was determined by Gidding31]

2.2. Plate height

In the plate theory of chromatography, the lengthof a
separation column can be broken down itvttheoretical plates

ot heightt and is given by:
"= % (4) (2832 + 1)(1— e V4 — 10n(e V> + 1)

—(1/322) = (2/2) + 4 — (1/1 /1 — e )
x A1+ (1/0)/(L — e %) = 1/3x — 6)]
(14 e 14 —2x(1 — e 1/4)]

The plate height generally represents the length of the separa-
tion column required to generate a defined level of separatiog(i) = 2412
between two particles. ThuK,andN can be used as figures of

merit for separation systems and allow various instruments to ®)
be compared, with the goal being to minimideand maximize | the results section a comparison of relative effects between
N. the simplified form fory (1) and Eq{(8) will be made in an effort

The total plate height can be thought as the sum of severg} help determine an appropriate choice for geometric scaling
contributing factors such as non-equilibrium effeéfs, instru-  models in FFF.

mental effectsH;, polydispersityH, and the contribution due

to diffusion, Hp [30] as given by: 23 Resolution

H = Ho+ 8+ Hp+ Ho. ®) The resolution of a chromatography systeRg, is a mea-

As polydispersity is an inherent property of the sample beingure of the relative separation ability of a system and can be
processed, it is not a system property and can be ignored wheapresented bj15,32]

optimizing an instrument. As diffusion coefficients are low for

the particles of interest in this work, the contribution of diffusion Rs = éﬁ £, 9)

to plate height is negligible unless very low flow velocities are 4RV H

used. Thus, only the contributions due to non-equilibrium andyhere AR is the difference in retention ratio for two distinct

instrumental effects are taken into consideration during instruparticles andk is the average retention ratio of the two particles
ment optimization efforts. being considered.
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Upon substitution of Eqg5) and (6)into Eq.(9), an expres-
sion for resolution in FFF takes the form:

Rs = éﬁ\/ LD (10)

versus flow rate, the-intercept (or the extrapolated plate height

at zero flowrate) is the instrumental plate heiff4].
Experimentally, the instrumental contribution to plate height

is estimated by injecting an unretained sample such as acetone

into the FFF system and measuring the plate height for a series

— o o of flow velocities. To determine the effect of FFF system minia-
whereD represents the average diffusion coefficient for the twoy ;i ation we have used four electrical field flow fractionation

particle clouds. An approximate expression, which use80.  -hannels with channel heights of 26 (90 cm long), 17@&m
the_ relationshig (1) = 24&3, and was derived in previous publi- (64 cm long), 127xm (35 cm long) and 28m (6 cm long). For
cations[26] can be written as: each channel a typical acetone sample was injected using a
= Hamilton microliter Syringe (1Q.L) for a series of flow veloc-
Rs = ﬂ\/ LD i (11) ities between 0.5 and. 15 mm/s. The injection volumes were 5,
4\ 2403w2(v) + DH 2.5, and 0.1uL, respectively and correspond to typical injec-
tion volumes for those channels. The peaks eluted from 127 to
254um channels were detected using an external Linear UV-
&06 extinction detector monitoring extinction at 254 nm. The
aks in the 28.m channel were detected using an on-chip con-

4R \| x(M)w2(v) + DH;

which is clearly easier to analyze, especiall¥fifis assumed to
be negligible.
Egs.(10) and (11pre general FFF equations and can be use

for all FFF systems. The geometric scaling effects associat > )
with these equations, though, will vary depending on what typ uctivity detectof23]. The resulting fractograms were used to

of system is used and whether the field strength is a function oqstimate the p"’?‘te height by measuri_ng the width of the sample
peak at half heightw;,>, and the elution time of the peak,

v The number of plategy, was then be calculated usiff]
2.4. Length scaling t 2
N = 5.54( ) (14)
w1/2

The channel length in FFF channels can theoretically be of
any dimension, but practical considerations such as difficultie3 he total plate height for each sample could then be calculated
in maintaining appropriate tolerances in manufacturing provideising Eq(4) and the instrumental plate height estimated by plot-
some general limitations. Areview of the FFF literature indicateging the measured plate height versus flow rate and finding the
that length is typically not an independent variable, but changeg-intercept. The instrumental plate heights were thus determined
in proportion with the channel height,, especially in systems for each channel and compared to determine any scaling effects.
where the field strength varies with the channel height. Since
resolution improves in these systems with miniaturization, thes.2. Modeling
length can be reduced to linearly reduce analysis tifags

SinceL is not a truly independent variable, we have chosen The basic scaling effects associated with EIFFF systems and
in some analyses to use the following relationship as an estimat®me general systems have been presented in earlier papers
of the standard scaling relationship seen in FFF systems [21,24] so the results obtained here will be compared to the
results presented there. The modeling results obtained for this
work were developed using MathCAD software (MathSoft Engi-
Use of this relationship gives a more reasonable estimate of tHeeering & Education, Inc., MA) andable 1summarizes the
true scaling effects in the system wheris reduced and allows Values used in the various equations when they were required
the use of just one characteristic dimensionfor the analysis. ~for comparison. The values were either taken from various FFF

publicationg26] or from available experimental datkb,24]

L = 3000w. (12)

3. Methodology
Table 1

3.1. Experimental Values used in mathematical models

Parameter Notation Value

Standard methods were used to calculate the instrumemg\i/erage flow velocity (mm/s)

. . X . (v) 15
plate height and establish a correlation betwdeandw. First,  piameter of particles (nm) dy, do 50, 70
mathematically, the non-equilibrium component of the platetlectrophoretic mobility (/V/s) u -1.75x 1071
height can be represented by E@) and is a direct function of = Constant length of the channel (cm) L 60
flow velocity (v). For zero retention, the non-equilibrium com- %‘]’,”itam '”Sf”“meln_ta' rlnlate fzelgl)nm) gfi 288
. ) ickness of repulsion layer (nm
ponent of plate height becomgsil, 33} Repulsion parameter Y 0.42
1 wz(v) Temperature (K) T 298
h= — (13) Viscosity of carrier liquid (N s/rf) n 0.00089
105 D Effective voltage (mV) Vet 5
. . . . - Height of the channel(m) w 10-200
Since instrumental plate height is assumed to be constant wi it velocity for general FEF (m/s) U 185 10-5

respect to the flow velocity, on a plot of measured plate height
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Electrical FFF is a unique subtype of the FFF family, due to T
the electrochemistry involved with application of an electrical
field in an aqueous environment. In such a situation, a double Tt
layer forms at the electrode surface causing most of the applied 08T

— Total plate height
091 ----- Non-equilibrium plate height
Instrumental plate height

voltage to drop across the high-capacitance ionic double layer. E o7t
Only a fraction (typically 0.5-3%) of total field drops across @

the bulk of the channel and is used to retain the sample. Due g 06T
to this low effective field availability, we have used small drift S o5t
electrophoretic velocity for modeling the electrical FFF system. g

The modeling was done to determine the impact of the vari- g 0.4T
ous geometric parameters on the expected performance of theg 0o+

miniaturized systems with the goal of developing knowledge
that with allow for improved instrument designs in the future. 02T
Models for both EIFFF and general FFF systems are examined
and compared to determine what the optimal geometry of these )
systems may be. Note that all results for plate height and reso- — ——t f — f —
lution presented in figures are normalized to the highest value 20 40 60 80 100 120 140 160 180 200
P ) 9 g Channel height, microns
of the respective dataset.

Fig. 3. Plots showing the variation &f, andH; with channel height for EIFFF

. . and ThFFF systems (where field strength varies with
4. Results and discussion y ( 9 ¥

models and discussing the effect of the instrumental plate height,

4.1. Instrumental plate height e > . ) )
a brief discussion of geometric scaling will be completed to pro-

In FFF systems, the instrumental component of plate heighfid® context.
is always measured experimentally since it is dependent on the
instrument set-up, the connection methods (packaging), and tHe2. Plate height scaling
sample injection size and method. The instrumental plate height
data are shown ifrig. 2 and were found to vary linearly with ~ When the relationship in Eq15) is used to find the total
w as determined by a linear fit to the experimental data with #late height using Eq5) (sum of non-equilibrium and instru-
forced zero. The relationship between instrumental plate heighnental plate heights) for FFF systems as showFigs. 3 and 4
and channel height was found to be we see a clear difference in the relative importance of non-

equilibrium and instrumental contributions of the plate height.
Hi = 3w. (15)

It can clearly be seen that the instrumental plate height drops T
with a decrease in channel height and subsequent improvement
in sample injection, channel fabrication, and detector arrange-
ment[35]. Accordingly, there appears to be a clear advantage to
miniaturization with regard to instrumental plate heights.

Before explicitly including the observed variation in instru-
mental plate height with channel height in the mathematical

0.6T
800 4

600 4

Normalized plate height

0.2+ —— Total Plate Height
/ ----- Non-equilibrium plate height
/ — * Instrumental plate height

200 4

0 50 100 150 200 250 300 0 50 100 150 200

W, um Channel height, microns

Fig. 2. Plot of measured instrumental plate heightfor channel heightw in Fig. 4. Plate height variation for general FFF systems (where field strength is
FFF channels. independent ofv).
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Fig. 3 shows the estimates for EIFFF systems, which indicate T
that plate heights are dominated by non-equilibrium effects,
which generate an exponential increase in plate height as

increases. In EFFF the non-equilibrium plate height is a strong 087
function of the applied field. In fact at 0.25% effective field

— Without Exclusion Layer
----- With Exclusion Layer

09T

c 1
strength, non-equilibrium plate height is 10 times higher than % o
the instrumental plate height, but as field strength is increased § 067
to 1.25%, the relative magnitudes of the instrumental and non- % 0.5-
equilibrium contributions are similar. It should be noted here §

that a change in effective field from 0.25 to 1.25% results ina 8 047

retention ratio change from 0.069 to 0.016 (corresponding to a g 03+

change in retention time of 10—-40 min for a 40 s void tink&). 4

shows the relative contributions to plate height for general FFF 027

systems (such as flow FFF, sedimentation FFF, magnetic FFF, 41

gravitational FFF, and others), and demonstrates how the rela-

tive importance of non-equilibrium and instrumental effects has ® 20 40 60 80 100 120 140 160 180 200

switched. In this case the non-equilibrium effect is almost negli- Channel Height, microns

?'If?llse daen;e:](jleeal(ieorr]lei:?Sr::l:;de?::ln s;fee?:tgym;mslgreu\r?eer;tﬂl sgzz;E ig. 5. Plots shgwing the effect of the particlejwall repulsion induced exclusion
one on resolution for the EIFFF system scaling model.

when we discuss the overall impact of miniaturization later in

this work. to note that the resolution trends remain the same with inclusion
' of the wall repulsion parameter.
4.3. Resolution models Fig. 6shows typical curves indicating the dependence of res-

o . olution on plate separation distanae, for an EIFFF system.
By substituting Eqs(15) and (12)into Egs.(10) and (11)  The upper two traces correspond to EG€) and (11)showing
general equations with dependence on only a single dimensiaghat appears to be only a small difference between these two

can be obtained: equations. Closer inspection reveals that the smallegcomes,
AR 30000 the greater the difference between the equations. The calcula-
Rs= — | —— (16)  tions show that Eq(11) would underestimate the theoretical
4R\ x()w(v) +3D resolution possible in a EIFFF channel by a minimum of 20%
— for the whole range of channel heights from 10 to 200, con-
Re = SAM 10D ' (17) firming the value of more precise mathematical models. Also,
2%\ 8A\3w(v) + D resolution increases with a decreaseunwhich is the estab-

TJished motivating factor for miniaturization of EIFFF systems

Eq. (16) is the most general model that includes all effects o [15]. For the typical inputs used in these equations, resolution

interest in this work and should be compared to #4), which

was used in earlier publicatiofidl]. Note that Eq(16) has the _ ‘
— Equation 14, Contrant L and Zero Hi

function x(A) embedded in it still (Eq(7)) and thatR and2. ... Equation 15, Contrant L and Zero Hi
are also functions ofv. These equations will provide a basic T —  Equation 18, Scaling L and Scaling Hi
i ; H ; — - Equation 19, Scaling L and Scaling Hi
frgmework around which the various scaling effects associated 41 + + - Equation 18, Scaling L and Scaling Hi
with FFF systems can be compared. B Without Repulsion Effects
0.8t :

4.3.1. EIFFF system modeling

As the particle-wall interaction induced exclusion layer could
be a limiting factor on the extent to which FFF systems can be
practically miniaturized, modeling results including the effect
of a constant exclusion layer will be discussed first. In addition,

0.71

o

[e2}
T
1

Normalized Resolution
o
o
I

geometric dimensions can have a significant impact on reten- € %47
tion in EIFFF, so the mathematical models were explored to Z g 3+
determine the impact of geometric changes on retention with
resolution as the basis for the model comparison. 027
0.1
4.3.1.1. Model comparisons. Fig.5compares the effect of wall . ) . . ) L ) . .
repulsion on resolution with a variation of channel heighThe 0 20 40 60 80 100 120 140 160 180 200
modified A, which includes the exclusion parameter calculated Channel Height, microns

using Eq.(3) reS_UItS Ina mOd'f'_ed retention ratio W'_th_ a clear rig 6. piots comparing the geometric scaling models for EIFFF system. Note
loss in the magnitude of the achievable resolution. Itis importanihat the constant length used for the simulation in this paper is 60 cm.
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is nine times higher with a 10-fold reduction in channel height, The data presented in the upper two tracebigé. 6 and 7
and resolution increases with miniaturization for all models, buignore the reality that length will not remain constant for most
there is a distinct difference between resolutions estimated bgystems as they are miniaturized, and a loss in resolution occurs
the general model (EqL0)) and the simplified model (E411)) as the channel length falls. The two lower curve§ig. 6 and
used in earlier papef6].The lowest two traces iRig. 6are  the lowest curve irFig. 7, show the reduced gain in resolu-
plots of the estimated resolution when béthandL are scaled tion that occurs as the channel length and the channel height
with w according to Eq916) and (17)Once all the effects are scale proportionately and in accordance with @q). In order
included, the two equations appear to be offset from each othetio achieve high-speed separations and gain the miniaturiza-
Interestingly, this means that the error for the approximate equdion related advantages described earlier, length will have to
tion, Eq.(17), is about 20% at small values af, but is more  be reduced to an optimum determined by balancing the require-
than 25% as reaches 20.m, a substantial difference between ments of resolution and with limits on analysis time. EIFFF
the two models. The middle dotted trace is the plot of resolutiorsystems with a scaled length will be microsystems in the true
variation according to Eq16) with scalingH; andL, but with- ~ sense, and to reflect this phenomenon in the theoretical analysis,
out the wall repulsion parameter adjustmentifolgnoring the  length scaling according to E(L2)is included in the discussion
wall repulsion effect clearly results in overestimation of resolu-on improved models in the remaining discussion.
tion and therefore wall repulsion needs to be accounted for in The lowesttrace ifrig. 7represents the contribution of both a
the resolution calculation. scaling length and a scaling plate height. The difference between
The plots of Egs.(11) and (16)indicate the differences this curve and the others indicates the impact of length on reso-
between resolutions predicted by earlier publications and thkition, which is clearly significant. Large reductions in channel
general model that includes all relevant scaling effects. Notéength are clearly detrimental to resolution, as expected, but are
that both of these equations include the exclusion zone, whichart of the tradeoffs that must be considered in channel design.
if notincluded in Eq(11)would show an even more substantial As suggested by the discussion on ER), for systems where
difference between the two models. While the total resolutiorthe field strength varies witty, L has a less significant impact
is significantly less in the general model, due to inclusioipf on resolution tham, as indicated by the rise in resolutionas
and reduced, the overall trends remain the same, while givingandL drop simultaneously.
a more accurate picture of the potential of miniaturization. Comparing all of the data frorkigs. 6 and 7it is clearly
important to includel and H; scaling in the model, and the
4.3.1.2. Instrumental plate height and length scaling. Thetwo ~ Use of more general models for the estimation of the channel
upper curves irFig. 7illustrate the effect of instrumental plate function and for optimization of the instrument is justified.
height on resolution for an EIFFF system and show that the dif-
ference due to a constant estimate of instrumental plate height3-2. General FFF system modeling
and a scaling instrumental plate height is not significant except Unlike electrical and thermal FFF systems, mathematical
below 40pm. The primary reasons for the differences weremodels of general FFF systems predict a loss in resolution with
explained inFig. 3and are related to the relative importance Miniaturization. Accordingly, miniaturization of such systems

of the instrumental and non-equilibrium plate heights as chanbas not generally been attempted. The inclusion of instrumental
nel heights scale downward. plate height scaling, though, leads to potentially different con-

clusions.

The top trace irFig. 8is the simulation result for normal-
ized resolution (Eq(10)) whereL andH; are kept constant at
60 cm and Qum, respectively, which is the situation that is typ-
ically explored for miniaturization of general FFF systems. As
expected, there is an almost 70% loss in resolution whes
scaled down from 200 to 20m, but the retention time is reduced
by a factor of 10—an advantage at a heavy price.

Incorporation of the scaling effect associated with instrumen-
tal plate heights, though, reveals the possibility of a feasible
miniature general FFF system. The bottom trace fi€ign 8

1T — Equation 14, constant L and scaling H;
----- Equation 14, constant L and scaling H;

" Equation 18, scaling L and scaling H;

Normalized resolution
o
(6]
!

o4 shows that when system paramete@ndH; scale withw, the
0.3 resolution remains nearly constant and there is only an 8% loss
oot in resolution whenw is reduced from 200 to 10m, while the
retention time is reduced 100 times (very high speed separations
0.17 possible). This situation is the most likely one to be experienced
, 4 , , : \ , , ! , in a practical situation, and provides evidence that miniaturiza-
0 20 40 60 80 100 120 140 160 180 200 tion could be practical for general FFF syste[3@].
Channel height, microns Thus, a well-designed general FFF channel could show

Fig. 7. Plots showing the effects bfandH; scaling on the resolution of EIFFF !mprovement In reSOlUt'on_ with miniaturization due to_the_malor
system. improvements related to instrumental effects. Considering that
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T - models. These improvements in accuracy could prove very crit-
- ical for performance evaluation of a microsystem with highly
- controlled sample injection and an integrated on-chip detec-
~ tor. Further work will need to be done to verify the advantages
- associated with miniaturization in all FFF systems, and closer
- examination of electrical and thermal systems will be required to
P verify thatthere are no scaling effects associated with the applied
s fields and gradients. Also quantification of the repulsive forces
in microsystem will have to be carried out to understand how
7 the exclusion layer changes as channels are miniaturized, as it
' may limit the extent to which FFF systems can be miniaturized.
04+ . With the possible role of field flow fractionation as the sample
£ preparation component of a micro-total-analysis system becom-
ing more probable; further efforts related to the performance of
miniaturized systems should be completed.

08T

06T e

Normalized resolution

02T
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