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Abstract

This paper examines geometric scaling models for field flow fractionation systems to understand how channel dimensions affect resolution and
retention. Specifically, the changing contribution of the instrumental plate height during miniaturization of field flow fractionation (FFF) systems is
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eported. The work is directed towards determining the optimal geometrical parameters for miniaturization of field flow fractionation sys
xperimental relationship between channel height in FFF systems and instrumental plate heights is reported. FFF scaling models are m
etter clarify the dependence of plate height and resolution on channel height in FFF and (ii) include a more complete geometrical scal
nd model comparison in the low retention regime. Electrical field flow fractionation has been shown to benefit from miniaturization, so

ocuses on that subtype, but surprisingly, the results also indicate the possibility of improvement in performance with miniaturization ofld
ow fractionation systems including general FFF subtypes in which the applied field does not vary with channel height. This paper als
he potential role of more powerful microscale field flow fractionation systems as a new class of sample preparation units for micro-tot
ystems (�-TAS).
2005 Elsevier B.V. All rights reserved.
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. Introduction

A variety of analytical techniques are now available for char-
cterization, analysis, and classification of nanoparticles and
iomaterials suspended in liquid media. Typically, these tests
re carried out in dedicated labs using large, expensive, slow,
nd complex equipment. These tools consume large volumes of
ample and require a number of different analytical and purifica-
ion steps. Overall this process considerably delays the desired
nd result. Accordingly, numerous research groups are working

o develop portable versions of laboratory test equipment with
he hope of being able to create faster, cheaper, more efficient and
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more reliable testing tools. During the last decade this con
has resulted in an explosion of research in the area of micro-
analysis-systems (�-TAS) [1,2] or lab-on-a-chip technologies

Typically, �-TAS are composed of several unique com
nents that perform specific functions, such as sample pre
tion, reaction, detection, or signal processing. In such sys
sample preparation is one area that continues to prove di
to effectively miniaturize. In a�-TAS the sample preparatio
system would be used to break down the barriers betwee
macroscale world of “real” samples and the microscale w
of “prepared” samples. Macroscale sample preparation m
ods are often extremely difficult, complex, or even imposs
to implement on the microscale, and may be challenging to
ricate. Therefore, other methods more compatible with m
fabrication techniques must be developed to allow the full r
of lab-on-a-chip devices to be created. One technique tha
the potential to address this problem is field flow fractiona
(FFF).

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Diagram of operation of an ElFFF system showing the input and out-
put ports, application of electric field, the parabolic flow profile, the general
separation mechanism, and relative channel dimensions.

Field flow fractionation is a chromatography-like separation
technique that was first described in the mid-1960s by Giddings
[3]. FFF relies on a field perpendicular to the direction of sep-
aration to induce a differential migration of particles injected
into the system[4]. A wide variety of fields have been used in
FFF systems with the most common FFF subtypes being flow
[5], thermal[6], sedimentation[7], steric[8], and electrical[9].
Other subtypes of FFF that are of interest include gravitational
[10], dielectrophoretic[11], cyclical [12], and magnetic FFF
[13]. Combinations of these fields as well as variations on the
basic design are commonplace[10,14].

In standard FFF systems, the channel consists of a long, thin,
rectangular duct as shown inFig. 1. Pressure driven flow drives
the injected sample plug through the channel and as the sam-
ple components interact with the applied field, they are forced
towards the wall of the channel. Depending upon the interaction
of the different components with the field, they take on a charac
teristic average distance from the wall. When diffusion opposing
the induced movement balances this field-induced movemen
an equilibrium condition prevails in the channel. Due to the
parabolic velocity profile of the carrier fluid in the channel, the
various layers of particles move through the channel at differ-
ent velocities depending on their protrusion depth into the flow
stream.

In the last few years, several microfabricated field flow frac-
tionation systems have been reported including systems tha
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and electrical systems, but this paper will show a few ways in
which even general FFF systems may be able to improve per-
formance through miniaturization.

While a recent communication[18] on channel height reduc-
tion effects in TFFF seems to indicate the reduced performance
with miniaturization for thermal field flow fractionation, the
experimental protocol used in that work does not include a
reduced sample size, sample injection loop, or post column tub-
ing length as required for successful miniaturized systems. We
will discuss the importance of just such instrumental factors in
designing a microscale field flow fractionation system in this
paper by building on guidelines presented earlier[24,25].

To make�-TAS practical, the sample preparation systems
will need to be both high speed and low power. In FFF the-
ory, high-speed and low retention separations require a more
complex analysis than is required for high retention separa-
tions that can be modeled accurately using simpler equations.
Since high speed and low retention separations will likely be
required of FFF systems in a�-TAS, this work will explore
the geometric scaling effects associated with these low retention
separations. Therefore, this paper will compare results generated
using the best available models[4] and that include additional
phenomena such as wall repulsion with the typical approximate
expressions that are only valid for high retention[26]. While, a
number of publications are available on optimization of the oper-
ating conditions for field flow fractionation systems[27], very
f etric
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19] fields. These systems (along with the macroscale varie
re now being rapidly developed for a variety of applicat

ncluding cell and biopolymer characterization and separat
iowarfare agent detection, polymer analysis, and environ

al monitoring. One of the promising systems, the electrical
ow fractionation system (ElFFF)[20], has been the subje
f recent interest and a recent report elucidated some o
rimary scaling advantages associated with miniaturizing
lFFF system by comparing macroscale and microscale E
ystem[21]. Miniaturization of all other FFF subtypes may
e as efficient as compared to EFFF, e.g. miniaturized the
FF requires higher thermal energy input and efficient coolin
rder to achieve a given temperature drop. But there are a
er of clear advantages that come from miniaturization of
FF system[22], including the possibility of on-chip detecti
nd signal processing[23]. Earlier reports[24] have indicated

hough, that general FFF systems (those systems in whic
pplied field does not scale with channel thickness) are unl

o claim the same scaling advantages associated with th
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ew communications have attempted to optimize the geom
imensions of both macroscale and microscale FFF sys
hich is the focus of this work.

. Theory

.1. Retention

FFF retention theory is generally well developed and prov
he framework for the results developed as part of this w
28,29]. A basic parameter in FFF theory is the retention ra
, which is defined as the ratio between the elution time
lution volume) of unretained particles and the retained par
f interest. The retention ratio can be related to the phy
arameters of the particles being retained by the equation

= 6λ

[
coth

(
1

2λ

)
− 2λ

]
(1)

hereλ is a non-dimensional parameter related to the thickn
, of the channel, the applied field strength, and the phy
roperties of the particles being retained.

At high retention (i.e. low values ofR), Eq.(1) for retention
atio is traditionally approximated as,

= 6λ. (2)

his relationship is accurate within 5% forR = 0.2, while its
ccuracy is better than 2% atR = 0.05[26]. High speed separ

ions, though, are likely to be produced at retention ratios
bove this level (as high asR = 0.7), so analysis at these low
etention levels needs to be performed to determine wh
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miniaturization is still practical at these retention levels. There-
fore, this paper will closely compare the theoretical results
obtained when Eqs.(1) and (2)are used to estimate performance
parameters.

Miniaturization of FFF channels may be limited by particle-
wall repulsion effects[20]. These interactions typically result in
the exclusion or the repulsion of the particles away from the wall
and, hence, reduce the effective retention in FFF channels. These
particle-wall interactions include electrostatic forces, hydrody-
namic lift, and van der Waal’s attractive forces. To correct for
these effects and determine their influence, a modified retention
parameter is used. Tri et al.[20], have proposed the modification
for λ as:

λ = l

w
+ dγ ′

2w
+ δ

w
(3)

where,l is the average particle cloud thickness,d is the diameter
of the particles,γ ′ contains information regarding all external
effects other than repulsion andδ is the thickness of exclusion
zone. This repulsion effect, which defines a constant exclu-
sion zone, could prove a limitation for miniaturization, so the
effect will be included in the retention models used in the dis-
cussion of this work. The wall repulsion layer increases the
average particle cloud thickness ‘l’ and therefore amounts to
a change inλ for retention ratio calculations. We have used this
modifiedλ to evaluate the retention ratio in the mathematical
c
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2.2.1. Instrumental plate height
In FFF systems, the instrumental component of plate height

depends on the instrument set-up, channel geometry, the fluidic
connections, post-column volumes, and the sample injection size
and method. These elements that contribute to instrumental band
broadening are not easily expressed in a comprehensive theory
and so have been ignored when examining these systems math-
ematically and conceptually. Thus, no comprehensive theory of
instrumental effects exists and the effect of geometry on instru-
mental plate height is only known conceptually. Accordingly, in
this work we measure the instrumental plate height as a func-
tion of FFF channel dimensions and analyze its effect on FFF
operation as channel dimensions change.

2.2.2. Non-equilibrium plate height
In FFF, the non-equilibrium component of plate height,Hn,

is heavily dependent on channel thickness, diffusion,D and flow
velocity,v and is given by:

Hn = χ(λ)w2〈v〉
D

. (6)

The functionχ(λ) is traditionally represented by

χ(λ) = 24λ3(1 − 8λ + 12λ2). (7)

Eq.(7) is a reasonable approximation forχ(λ) with error values
o 9%
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.2. Plate height

In the plate theory of chromatography, the lengthL, of a
eparation column can be broken down in toN theoretical plate
f heightH

= L

N
. (4)

he plate height generally represents the length of the se
ion column required to generate a defined level of separ
etween two particles. Thus,H andN can be used as figures
erit for separation systems and allow various instrumen
e compared, with the goal being to minimizeH and maximize
.
The total plate height can be thought as the sum of se

ontributing factors such as non-equilibrium effects,Hn, instru-
ental effects,Hi , polydispersity,Hp and the contribution du

o diffusion,HD [30] as given by:

= Hn + Hi + Hp + HD. (5)

s polydispersity is an inherent property of the sample b
rocessed, it is not a system property and can be ignored
ptimizing an instrument. As diffusion coefficients are low

he particles of interest in this work, the contribution of diffus
o plate height is negligible unless very low flow velocities
sed. Thus, only the contributions due to non-equilibrium

nstrumental effects are taken into consideration during in
ent optimization efforts.
-

l

n

-

f less than 3% forR values up to 0.4 and a maximum error of
henR values reach 0.5. Eq.(7) is a much closer approximatio

o χ(λ) than the simplified form 24λ3, which was used in earli
ublications and has an error of more than 37% forλ about 0.03
R = 0.2) [26]. This approximation becomes even poorer aλ

ets larger, as will be the case in some high-speed separa
he exact expression forχ(λ) was determined by Giddings[31]
nd is given by:

(λ) = 24λ3

[(28λ2 + 1)(1− e−1/λ) − 10λ(e−1/λ + 1)

− (1/3λ2) − (2/λ) + 4 − (1/λ/(1 − e−1/λ))

× 4λ(1 + (1/λ)/(1 − e−1/λ) − 1/3λ − 6)]

[(1 + e−1/λ) − 2λ(1 − e−1/λ)]
.

(8)

n the results section a comparison of relative effects bet
he simplified form forχ(λ) and Eq.(8)will be made in an effor
o help determine an appropriate choice for geometric sc
odels in FFF.

.3. Resolution

The resolution of a chromatography system,Rs, is a mea
ure of the relative separation ability of a system and ca
epresented by[15,32]

s = �R

4R̄

√
L

H
, (9)

here�R is the difference in retention ratio for two distin
articles and̄R is the average retention ratio of the two partic
eing considered.
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Upon substitution of Eqs.(5) and (6)into Eq.(9), an expres-
sion for resolution in FFF takes the form:

Rs = �R

4R̄

√
LD̄

χ(λ̄)w2〈v〉 + D̄Hi
(10)

whereD̄ represents the average diffusion coefficient for the two
particle clouds. An approximate expression, which uses Eq.(2),
the relationshipχ(λ) = 24λ3, and was derived in previous publi-
cations[26] can be written as:

Rs = �λ

4λ̄

√
LD̄

24λ̄3w2〈v〉 + D̄Hi
, (11)

which is clearly easier to analyze, especially ifHi is assumed to
be negligible.

Eqs.(10) and (11)are general FFF equations and can be used
for all FFF systems. The geometric scaling effects associated
with these equations, though, will vary depending on what type
of system is used and whether the field strength is a function of
w.

2.4. Length scaling

The channel length in FFF channels can theoretically be of
any dimension, but practical considerations such as difficulties
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versus flow rate, they-intercept (or the extrapolated plate height
at zero flowrate) is the instrumental plate height[34].

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
of flow velocities. To determine the effect of FFF system minia-
turization we have used four electrical field flow fractionation
channels with channel heights of 254�m (90 cm long), 178�m
(64 cm long), 127�m (35 cm long) and 28�m (6 cm long). For
each channel a typical acetone sample was injected using a
Hamilton microliter Syringe (10�L) for a series of flow veloc-
ities between 0.5 and. 15 mm/s. The injection volumes were 5,
2.5, and 0.1�L, respectively and correspond to typical injec-
tion volumes for those channels. The peaks eluted from 127 to
254�m channels were detected using an external Linear UV-
106 extinction detector monitoring extinction at 254 nm. The
peaks in the 28�m channel were detected using an on-chip con-
ductivity detector[23]. The resulting fractograms were used to
estimate the plate height by measuring the width of the sample
peak at half height,w1/2, and the elution time of the peak,tr.
The number of plates,N, was then be calculated using[34]

N = 5.54

(
tr

w1/2

)2

. (14)

The total plate height for each sample could then be calculated
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n maintaining appropriate tolerances in manufacturing pro
ome general limitations. A review of the FFF literature indic
hat length is typically not an independent variable, but cha
n proportion with the channel height,w, especially in system
here the field strength varies with the channel height. S

esolution improves in these systems with miniaturization
ength can be reduced to linearly reduce analysis times[21].

SinceL is not a truly independent variable, we have cho
n some analyses to use the following relationship as an est
f the standard scaling relationship seen in FFF systems

= 3000w. (12)

se of this relationship gives a more reasonable estimate
rue scaling effects in the system whenw is reduced and allow
he use of just one characteristic dimension,w, for the analysis

. Methodology

.1. Experimental

Standard methods were used to calculate the instrum
late height and establish a correlation betweenHi andw. First,
athematically, the non-equilibrium component of the p
eight can be represented by Eq.(6) and is a direct function o
ow velocity 〈v〉. For zero retention, the non-equilibrium co
onent of plate height becomes[31,33]:

n = 1

105

w2〈v〉
D

. (13)

ince instrumental plate height is assumed to be constan
espect to the flow velocity, on a plot of measured plate he
s

e

e

l

h
t

sing Eq.(4)and the instrumental plate height estimated by p
ing the measured plate height versus flow rate and findin
-intercept. The instrumental plate heights were thus determ
or each channel and compared to determine any scaling e

.2. Modeling

The basic scaling effects associated with ElFFF system
ome general systems have been presented in earlier
21,24], so the results obtained here will be compared to
esults presented there. The modeling results obtained fo
ork were developed using MathCAD software (MathSoft E
eering & Education, Inc., MA) andTable 1summarizes th
alues used in the various equations when they were req
or comparison. The values were either taken from various
ublications[26] or from available experimental data[15,24].

able 1
alues used in mathematical models

arameter Notation Value

verage flow velocity (mm/s) 〈v〉 1.5
iameter of particles (nm) d1, d2 50, 70
lectrophoretic mobility (m2/V/s) µ −1.75× 10−11

onstant length of the channel (cm) L 60
onstant instrumental plate height (�m) Hi 600
hickness of repulsion layer (nm) δ 400
epulsion parameter γ ′ 0.42
emperature (K) T 298
iscosity of carrier liquid (N s/m2) η 0.00089
ffective voltage (mV) Veff 5
eight of the channel (�m) w 10–200
rift velocity for general FFF (m/s) U 1.85× 10−5
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Electrical FFF is a unique subtype of the FFF family, due to
the electrochemistry involved with application of an electrical
field in an aqueous environment. In such a situation, a double
layer forms at the electrode surface causing most of the applied
voltage to drop across the high-capacitance ionic double layer.
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
to this low effective field availability, we have used small drift
electrophoretic velocity for modeling the electrical FFF system.
The modeling was done to determine the impact of the vari-
ous geometric parameters on the expected performance of the
miniaturized systems with the goal of developing knowledge
that with allow for improved instrument designs in the future.
Models for both ElFFF 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-
lution presented in figures are normalized to the highest value
of the respective dataset.

4. Results and discussion

4.1. Instrumental plate height

In FFF systems, the instrumental component of plate height
is always measured experimentally since it is dependent on the
i d the
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Fig. 3. Plots showing the variation ofHn andHi with channel height for ElFFF
and ThFFF systems (where field strength varies withw).

models and discussing the effect of the instrumental plate height,
a brief discussion of geometric scaling will be completed to pro-
vide context.

4.2. Plate height scaling

When the relationship in Eq.(15) is used to find the total
plate height using Eq.(5) (sum of non-equilibrium and instru-
mental plate heights) for FFF systems as shown inFigs. 3 and 4,
we see a clear difference in the relative importance of non-
equilibrium and instrumental contributions of the plate height.

F gth is
i

nstrument set-up, the connection methods (packaging), an
ample injection size and method. The instrumental plate h
ata are shown inFig. 2 and were found to vary linearly wi
as determined by a linear fit to the experimental data w

orced zero. The relationship between instrumental plate h
nd channel height was found to be

i = 3w. (15)

It can clearly be seen that the instrumental plate height d
ith a decrease in channel height and subsequent improv

n sample injection, channel fabrication, and detector arra
ent[35]. Accordingly, there appears to be a clear advanta
iniaturization with regard to instrumental plate heights.
Before explicitly including the observed variation in inst

ental plate height with channel height in the mathema

ig. 2. Plot of measured instrumental plate height,Hi for channel height,w in
FF channels.
ig. 4. Plate height variation for general FFF systems (where field stren
ndependent ofw).
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Fig. 3 shows the estimates for ElFFF systems, which indicate
that plate heights are dominated by non-equilibrium effects,
which generate an exponential increase in plate height asw

increases. In EFFF the non-equilibrium plate height is a strong
function of the applied field. In fact at 0.25% effective field
strength, non-equilibrium plate height is 10 times higher than
the instrumental plate height, but as field strength is increased
to 1.25%, the relative magnitudes of the instrumental and non-
equilibrium contributions are similar. It should be noted here
that a change in effective field from 0.25 to 1.25% results in a
retention ratio change from 0.069 to 0.016 (corresponding to a
change in retention time of 10–40 min for a 40 s void time).Fig. 4
shows the relative contributions to plate height for general FFF
systems (such as flow FFF, sedimentation FFF, magnetic FFF,
gravitational FFF, and others), and demonstrates how the rela-
tive importance of non-equilibrium and instrumental effects has
switched. In this case the non-equilibrium effect is almost negli-
gible and the plate height is dominated by instrumental effects.
This dependence on instrumental effects will be very important
when we discuss the overall impact of miniaturization later in
this work.

4.3. Resolution models

By substituting Eqs.(15) and (12)into Eqs.(10) and (11),
general equations with dependence on only a single dimension
c
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Fig. 5. Plots showing the effect of the particle-wall repulsion induced exclusion
zone on resolution for the ElFFF system scaling model.

to note that the resolution trends remain the same with inclusion
of the wall repulsion parameter.

Fig. 6shows typical curves indicating the dependence of res-
olution on plate separation distance,w, for an ElFFF system.
The upper two traces correspond to Eqs.(10) and (11)showing
what appears to be only a small difference between these two
equations. Closer inspection reveals that the smallerw becomes,
the greater the difference between the equations. The calcula-
tions show that Eq.(11) would underestimate the theoretical
resolution possible in a ElFFF channel by a minimum of 20%
for the whole range of channel heights from 10 to 200�m, con-
firming the value of more precise mathematical models. Also,
resolution increases with a decrease inw, which is the estab-
lished motivating factor for miniaturization of ElFFF systems
[15]. For the typical inputs used in these equations, resolution

F Note
t

an be obtained:

s = �R

4R̄

√
3000D̄

χ(λ̄)w〈v〉 + 3D̄
(16)

s = 5�λ

2λ̄

√
10D̄

8λ̄3w〈v〉 + D̄
. (17)

q. (16) is the most general model that includes all effect
nterest in this work and should be compared to Eq.(11), which
as used in earlier publications[21]. Note that Eq.(16)has the

unction χ(λ) embedded in it still (Eq.(7)) and thatR andλ

re also functions ofw. These equations will provide a ba
ramework around which the various scaling effects assoc
ith FFF systems can be compared.

.3.1. ElFFF system modeling
As the particle-wall interaction induced exclusion layer co

e a limiting factor on the extent to which FFF systems ca
ractically miniaturized, modeling results including the ef
f a constant exclusion layer will be discussed first. In addi
eometric dimensions can have a significant impact on r

ion in ElFFF, so the mathematical models were explore
etermine the impact of geometric changes on retention
esolution as the basis for the model comparison.

.3.1.1. Model comparisons. Fig. 5compares the effect of wa
epulsion on resolution with a variation of channel heightw. The
odifiedλ, which includes the exclusion parameter calcul
sing Eq.(3) results in a modified retention ratio with a cle

oss in the magnitude of the achievable resolution. It is impo
-

t
ig. 6. Plots comparing the geometric scaling models for ElFFF system.

hat 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,
and resolution increases with miniaturization for all models, but
there is a distinct difference between resolutions estimated by
the general model (Eq.(10)) and the simplified model (Eq.(11))
used in earlier papers[26].The lowest two traces inFig. 6 are
plots of the estimated resolution when bothHi andL are scaled
with w according to Eqs.(16) and (17). Once all the effects are
included, the two equations appear to be offset from each other.
Interestingly, this means that the error for the approximate equa-
tion, Eq.(17), is about 20% at small values ofw, but is more
than 25% asw reaches 200�m, a substantial difference between
the two models. The middle dotted trace is the plot of resolution
variation according to Eq.(16)with scalingHi andL, but with-
out the wall repulsion parameter adjustment forλ. Ignoring the
wall repulsion effect clearly results in overestimation of resolu-
tion and therefore wall repulsion needs to be accounted for in
the resolution calculation.

The plots of Eqs.(11) and (16)indicate the differences
between resolutions predicted by earlier publications and the
general model that includes all relevant scaling effects. Note
that both of these equations include the exclusion zone, which
if not included in Eq.(11)would show an even more substantial
difference between the two models. While the total resolution
is significantly less in the general model, due to inclusion ofHi
and reducedL, the overall trends remain the same, while giving
a more accurate picture of the potential of miniaturization.

4
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F F
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The data presented in the upper two traces ofFigs. 6 and 7
ignore the reality that length will not remain constant for most
systems as they are miniaturized, and a loss in resolution occurs
as the channel length falls. The two lower curves inFig. 6 and
the lowest curve inFig. 7, show the reduced gain in resolu-
tion that occurs as the channel length and the channel height
scale proportionately and in accordance with Eq.(17). In order
to achieve high-speed separations and gain the miniaturiza-
tion related advantages described earlier, length will have to
be reduced to an optimum determined by balancing the require-
ments of resolution and with limits on analysis time. ElFFF
systems with a scaled length will be microsystems in the true
sense, and to reflect this phenomenon in the theoretical analysis,
length scaling according to Eq.(12)is included in the discussion
on improved models in the remaining discussion.

The lowest trace inFig. 7represents the contribution of both a
scaling length and a scaling plate height. The difference between
this curve and the others indicates the impact of length on reso-
lution, which is clearly significant. Large reductions in channel
length are clearly detrimental to resolution, as expected, but are
part of the tradeoffs that must be considered in channel design.
As suggested by the discussion on Eq.(12), for systems where
the field strength varies withw, L has a less significant impact
on resolution thanw, as indicated by the rise in resolution asw

andL drop simultaneously.
Comparing all of the data fromFigs. 6 and 7, it is clearly
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.3.1.2. Instrumental plate height and length scaling. The two
pper curves inFig. 7 illustrate the effect of instrumental pla
eight on resolution for an ElFFF system and show that the

erence due to a constant estimate of instrumental plate h
nd a scaling instrumental plate height is not significant ex
elow 40�m. The primary reasons for the differences w
xplained inFig. 3 and are related to the relative importa
f the instrumental and non-equilibrium plate heights as c
el heights scale downward.

ig. 7. Plots showing the effects ofL andHi scaling on the resolution of ElFF
ystem.
t
t

-

mportant to includeL and Hi scaling in the model, and th
se of more general models for the estimation of the cha

unction and for optimization of the instrument is justified.

.3.2. General FFF system modeling
Unlike electrical and thermal FFF systems, mathema

odels of general FFF systems predict a loss in resolution
iniaturization. Accordingly, miniaturization of such syste
as not generally been attempted. The inclusion of instrum
late height scaling, though, leads to potentially different
lusions.

The top trace inFig. 8 is the simulation result for norma
zed resolution (Eq.(10)) whereL andHi are kept constant
0 cm and 0�m, respectively, which is the situation that is t

cally explored for miniaturization of general FFF systems
xpected, there is an almost 70% loss in resolution whenw is
caled down from 200 to 20�m, but the retention time is reduc
y a factor of 10—an advantage at a heavy price.

Incorporation of the scaling effect associated with instrum
al plate heights, though, reveals the possibility of a fea
iniature general FFF system. The bottom trace fromFig. 8

hows that when system parametersL andHi scale withw, the
esolution remains nearly constant and there is only an 8%
n resolution whenw is reduced from 200 to 10�m, while the
etention time is reduced 100 times (very high speed separ
ossible). This situation is the most likely one to be experie

n a practical situation, and provides evidence that miniatu
ion could be practical for general FFF systems[36].

Thus, a well-designed general FFF channel could s
mprovement in resolution with miniaturization due to the m
mprovements related to instrumental effects. Considering
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Fig. 8. Plot showing the effect of length and instrumental plate height on the
resolution of general FFF systems.

there are several potential advantages from miniaturizing a gen
eral FFF system after a sensible trade-off between the analys
time and resolution is made, efforts to create these system
should be initiated. To gain all the advantages associated wit
miniaturization, though, general FFF systems may be require
to operate under low retention conditions. The lower retention
times associated with the high retention ratio will result in the
reduced overall analysis time, while only sacrificing a small per-
centage of the potential resolution.

5. Conclusion

A linear reduction in instrumental plate heights with chan-
nel height is reported and it provides additional motivation for
miniaturization of not only ElFFF systems, but also general FFF
systems. In many cases, the instrumental plate height dominate
the limit of operation of an FFF system, and thus a smaller
system may have a significant advantage over larger version
Accordingly, the theoretical role of geometry and other param-
eters that depend on geometry in FFF channels was investigate
and show that miniaturization may be feasible for all FFF sys-
tems. Although scaling advantages for ElFFF are clear from
the theory presented here and earlier publications, closer stud
of the scaling effects on ElFFF in the low retention regime
revealed the need for improved scaling models for field flow frac-
t can
b hich
i ngt
e arlie

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
verify that there are no scaling effects associated with the applied
fields and gradients. Also quantification of the repulsive forces
in microsystem will have to be carried out to understand how
the exclusion layer changes as channels are miniaturized, as it
may limit the extent to which FFF systems can be miniaturized.
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.
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