
In chemical engineering, problems frequently arise in scaling up 
chemical processes. Research is normally conducted in glassware on 
the millilitre scale, whereas cubic-metre capacities are required for 
production. The main scale-up problems are associated with heat and 
mass transport, and can result in increased formation of by-products 
and lower yields. In the worst cases, shortcomings can lead to runaway, 
in which the rate of heat generation exceeds the rate of cooling avail-
able, and other hazardous situations. 

Some of the scaling laws described here were developed between the 
1880s and the 1930s in the growing field of engineering. The aim was 
to provide a framework for engineers to establish how material would 
behave on different length scales, allowing them to optimize output and 
minimize the risk of runaway and other hazards. In the pre-computer 
era, these laws proved to be simple and useful tools, particularly when 
the engineering mathematics required to model a chemical process 
became complicated. 

During the past 20 years, microfluidics, micrometre-scale total analysis 
systems (μTAS) or so-called ‘lab-on-a-chip’ devices have revived interest 
in these scaling laws and dimensionless groups for downscaling pur-
poses1. Such devices have a range of practical benefits (see page 368).

Here, we aim to review some of the important principles that contribute to 
the design of novel µTAS and to propose future research activity, to inform 
the reader, who might ultimately use such devices for research, and even 
to inspire the reader to take on the challenge of designing new µTAS.

For simplicity, we use three miniaturized devices as the main examples 
for discussion: an open-tubular chromatographic system that is used to 
separate molecules from mixtures (Fig. 1); a microwell plate as an exam-
ple of a device in which chemical interactions must be optimized; and a 
gas-phase detection device that uses a glow-discharge plasma (Fig. 2).

The scaling laws considered here are generally not valid on the nano-
metre scale, so 200 years’ experience in chemistry cannot be applied in 
this case. We are not yet convinced that practical applications of nano-
fluidics are feasible; however, there seems to be tremendous potential 
for basic research on the subject. We consider the absolute limits of the 
principles described here for the scaling down of chemical processes.

Separation
The measurment of a specific compound in a complex sample matrix 
can be carried out using selective (bio)chemical sensors or non-spe-
cific detectors applied after the separation of the sample mixture into 
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distinct zones of the single analytes. The most widely used separation 
principles are chromatography (based on the different distributions of 
the compounds within a complex mixture between two phases) and 
electrophoresis (based on on the differential movement of charged 
components in an electric field).

Some of the initial theoretical work on scaling down devices was in 
the field of chromatography and was published as early as the 1950s 
— for example, by Golay on open-tubular gas chromatography2 and 
van Deemter et al. on packed-column liquid chromatography3. These 
papers led to the development of commercial gas chromatographs using 
capillaries with micrometre diameters, and liquid chromatographs with 
micrometre-scale particles for the stationary phase.

The first commercial microfluidic-based platform for the analysis of 
DNA, RNA, proteins and cells — known as the 2100 Electrophoresis 
Bioanalyzer — was launched in 1999 by Agilent. Based on the LabChip 
technology from Caliper LifeSciences, it provides good-quality data 
quickly and accurately and is an alternative to labour-intensive gel elec-
trophoresis. Using one platform, the integrity and purity of RNA can 
be determined in less than 30 min, 16 samples of RT–PCR (polymerase 
chain reaction with reverse transcription) products can be quantified in 
the same time range, the transfection efficiency of cloning experiments 

Figure 1 | Examples of the miniaturization of separation techniques. The 
figure compares the size of a commercial gas chromatograph and column 
with that of a microscaled column on a chip. (Photo of microscaled 
column courtesy of J. Müller, Institut für Mikrosystemtechnik, Technische 
Universität Hamburg-Harburg, Germany.)
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can be monitored, and the size and concentration of expressed proteins 
can be analysed. The success and reliability of the 2100 Bioanalyzer can 
be estimated from the number of publications in which the system has 
been used. Since its launch, the number has increased exponentially and 
reached 150 per month in 2005 (G. P. Rozing, personal communication). 
The device demonstrates the success of the application of scaling laws 
in chemical separations.

Two approaches have proved particularly useful in the design of mini-
ature separation devices, and these are discussed below.

Dimensionless-parameters approach
‘Dimensionless parameters’ define units such as volume, column length, 
linear flow rate, retention time and pressure drop in terms of quantities 
that can be assumed to be constant over the entire system. For decades, 
engineers have used dimensionless parameters to correlate experimental 
results when large numbers of significant variables are involved.

In the case of chromatography using an open-tubular column (in 
which the columns are not packed, but instead the walls of the column 
support the stationary phase and a hollow core allows the mobile phase 

to move freely), the constant quantities include inner diameter, mobile-
phase viscosity, average diffusion coefficient of a sample in the mobile 
phase, and Poiseuille number for a circular cross-section. The dimen-
sionless-parameters approach can be applied as long as the contribution 
of other physical phenomena not considered in the parameter can be 
neglected. 

Nonlinear behaviour can be usefully described with the aid of dimen-
sionless parameters4 such as the Peclet number, ν, which is the ratio of 
axial bulk flow to diffusion mass transport (effectively describing the 
relative importance of convective or diffusive transport, or change in 
flow rate), the Fourier number, τ, which describes the average number 
of times a molecule contacts the wall of the capillary (elution time, or 
mixing efficiency), and the Bodenstein number, Π, which characterizes 
the backmixing within a system (or pressure drop). These parameters 
make it possible to extrapolate results obtained for one system to other 
similar systems through multiplication by constant factors, as shown in 
Table 1. So, even before starting an experiment, we can establish whether 
or not the device will function. For instance, miniaturization to channel 
sizes of 1.5 µm results in a pressure drop of 3,900 bar, which is difficult 
if not impossible to provide. An example of how dimensionless vari-
ables can be applied to capillary separation systems is provided by Knox 
and Gilbert5, who derived sets of optimal conditions for capillary liquid 
chromatography using reduced parameters.

The Reynolds number, Re, is a particularly useful dimensionless 
parameter. It represents the ratio of inertial forces (v·ρ, where v is the 
average velocity and ρ the fluid density) to viscous forces (η/d, where 
η is the dynamic viscosity and d the characteristic length, such as the 
diameter of the capillary); it characterizes the fluid flow as being lami-
nar or turbulent6. Once an experiment indicates that a transition will 
occur, say at Re = 2,000, the outcome of any other experiment and the 
behaviour of the flow can be predicted. Because the Reynolds number 
is proportional to the characteristic length d, for miniaturized systems, 
a small value will be obtained, indicating laminar flow. Such parameters 
are useful for controlling separations and for mixing to optimize the 
output of chemical reactions (see below).

Some behaviour on the nanometre scale can be estimated by applying 
these particular scaling laws, and the results used as a means of testing 
whether answers derived by more sophisticated methods are reasonable. 
Perhaps surprisingly, many scaling laws for the most mechanical sys-
tems are quite accurate on the nanometre scale, but in electromagnetic 
systems many scaling laws fail dramatically. Scaling laws for thermal 
systems have variable accuracy7.

Scaling relationships based on classical continuum models ultimately 
break down as a consequence of atomic-scale structure, mean-free-path 
effects and quantum-mechanical effects. 

Similarity approach
Useful information about the behaviour of simple miniaturized flow 
systems can be attained by considering the proportionalities within 
a system. The parameters of interest, such as flow rate, pressure 
drop or electric field, are viewed as a function of the variables to be 
miniaturized in space and time. Using this approach, the major trends 

1 cm

1 cm

Table 1 | Examples of the dimensionless-parameters approach

Parameters  Diameter, dc (μm)  Dimensionless parameters 
  30 5 1.5 Relationship Calculated 
      values

Length, L (m)  13.5 2.3 0.67 Reduced column length, λ = L/dc 450,000

Time, t (min)  122 3.13 0.28 Fourier number (reduced retention time),τ = t·D/dc
2 7,500

Pressure difference, ∆p (bar) 10 350 3,900 Bodenstein number (reduced pressure drop), Π = p·dc
2/Φ ·ηm·Dm 280

Peak standard deviation in terms of length, σX (μm) 13,400 2,225 670 Reduced variance of elution profile in terms of length, sX = σX/dc
 450

Peak standard deviation in terms of time, σt (ms) 6,750 188  17 Reduced variance in terms of time, st = σt·Dm /dc
2 7.5

Peak standard deviation in terms of volume, σV (pl) 10,200 47 1.3 Reduced variance in terms of volume, sV = σV /dc
3 350

Calculated parameter sets for an open-tubular column liquid chromatography (LC) system with one million theoretical plates at zero retention as capillary diameter changes (Peclet number, � = 38). The 
diffusion coefficient is assumed to be Dm = 10–9 m2 s–1; the viscosity is ηm = 10–3 Ns m–2; and the Poiseuille number, Φ, has a value of 32 for a circular cross-section. An open-tubular LC system with zero retention 
was chosen for numerical simplicity. m, molecular.

Figure 2 | Plasma detectors, an example of miniaturization in 
detection. Photographs of an inductively coupled plasma with power 
consumption of 1 kW and a microhollow cathode plasma of less than 1 W. 
The whole of the microhollow cathode has a diameter of 100 µm.
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a parameter undergoes during its downscaling become apparent, with 
no knowledge of material constants (such as viscosity or heat capac-
ity) being necessary. 

For any system, it is possible to proceed from a given point, such 
as an experimental result, and extrapolate to estimate the magnitude 
of the variables in a downscaled system. Changes in geometry only 
influence this estimation by a constant factor. Although this approach 
cannot be used to predict the feasibility of a system, it can, in principle, 
allow physically impossible cases to be rejected and provide an idea of 
the order of magnitude of relevant variables. If it is assumed that mini-
aturization is a simple three-dimensional downscaling process charac-
terized by a typical length parameter, d (refs 1, 8), we can easily predict 
the behaviour of the relevant physical variables. The typical length d 
represents the scaling factor of the miniaturization. A single degree of 
freedom for the mechanical parameters remains: time. For simplicity, 
only two important cases are considered and discussed below.

If the timescale is the same for the miniaturized system as for the 
full-scale system, it is referred to as a time-constant system (Table 2). 
Relevant time variables (such as analysis time, transport time and 
response time) remain the same. However, linear flow rate in a tube 
would decrease by a factor d, volumetric flow rate by d3, and the Rey-
nolds number by d2. By contrast, the pressure drop needed to main-
tain the desired flow rate would remain the same. This time-constant 
behaviour is important for simple transportation and for analytical 
techniques such as flow-injection analysis (FIA) systems. Diffusion 
would certainly have a more dominant role in mass flow in miniatur-
ized systems. The main advantage in downscaling simple transport or 
FIA systems lies in the conservation of carrier and reagent solutions. A 
10-fold decrease in size, for example, would cause a 1,000-fold decrease 
in carrier or reagent consumption. 

The diffusion-related system (Table 2) becomes important when 
molecular diffusion, heat diffusion or flow characteristics dictate the 
separation efficiency in a given system. In such instances, the timescale 
is treated as a surface that is proportional to d2. This behaviour is in 
perfect agreement with standard chromatographic and electrophoretic 
band-broadening theory. All dimensionless parameters, including the 
Peclet number, Fourier number and Bodenstein number, remain con-
stant regardless of the size of the system1. In other words, hydrodynamic 
diffusion, heat diffusion and molecular diffusion effects behave in the 
miniaturized system exactly as in the original system. 

This means that downscaling to one-tenth of the original tube diameter 
reduces related time variables such as analysis time and required 
response time for a detector to one-hundredth of their original mag-
nitudes. The pressure drop requirements increase by a factor of 100, 
but the voltage requirements (for electrophoresis or electro-osmosis) 
remain unchanged. The main advantage of the diffusion-controlled 
system is that miniaturization achieves faster separations while main-
taining comparable separation efficiency. An initial experiment in 

this field was conducted in 1992 (ref. 9). Finally, the predictions of 
similarity laws (for example, the same performance of a separation in 
a shorter time) were experimentally validated when electrophoresis-
based separations of amino acids with up to 75,000 theoretical plates 
could be obtained in about 15 seconds using a microchip system10. 
More recent work on the micrometre scale has confirmed those results 
for field-inversed electrophoresis11, chiral separations12 and free-flow 
electrophoresis (FFE)13. 

FFE is a convenient separation technique with great potential for 
integration with sample preparation, detection and even chemical 
reactions in this micrometre-scale regime. In contrast to capillary 
electrophoresis (CE), in which a longitudinal separation is obtained, 
in FFE the time domain is converted to a spatial domain. This means 
that the sample solution can be fed continuously into the separation 
compartment, separated into its components and supplied to fur-
ther actions. Applying the miniaturization to FFE devices, the aim of 
fast acquisition of qualitative and quantitative data can be achieved 
and has been demonstrated for zone electrophoretic14–18, isoelectric 
focusing13,17,19 and isotachophoretic modes20. We envisage that, in the 
future, two compounds could react in the free-flow device to form 
the product, which will be separated immediately and continuously 
from the not-yet-converted starting substances. The product can be 
fractionated and transferred to subsequent processes — for example, 
mass spectrometry/mass spectrometry detection — while starting 
reagents that have yet to be converted can be returned to the inlet of 
the free-flow device.

By downscaling further into the nanometre range, other physical 
phenomena have to be taken into consideration, which means that 
the similarity laws become invalid. As an example, an electric double 
layer can be considered that is formed as the negative surface charges 
of the capillary wall are compensated by positive ions from the buffer 
solution. It consists of a rigid ‘Stern’ layer in proximity to the capil-
lary surface, and a diffuse layer extending into the bulk solution in 
the dimension of a few hundred nanometres. If in a nanochannel the 
electric double layers overlap, the streaming potential will decrease, 
co-ions will be excluded from the channel, and counter-ions will be 
enriched. Another phenomenon is the generation of capillary-induced 
negative pressure during two-phase flow in nanochannels: Tas et al.21 
observed a peculiarly shaped meniscus of water plugs in 100-nm nano-
channels, which they attributed to a downward bending of the chan-
nel capping under the influence of the tensile capillary forces. The 
interested reader is referred to a comprehensive overview of physical 
phenomena on the nanometre scale22. Articles on the promise of nan-
otechnology for separation devices23 and methods of manipulating 
individual molecules have been published recently (see page 387).

The absolute limit of miniaturization with respect to separation 
techniques depends on the maximum applicable pressure (which is 
dependent on the stability of the used material); in the case of chro-
matography, on the maximum voltage that can be applied in the case 
of electrophoresis, and on the molecular characteristics that affect, for 
instance, sterical behaviour, viscosity and surface tension. We empha-
size that it is impossible to miniaturize further than to the level of a 
single molecule.

Chemical reactions
Once the requisite molecule has been separated from its complex starting 
matrix, manipulation of the molecules for a desired outcome (for exam-
ple, synthesis or information generation) can be considered.

Miniaturization with respect to reactions first has to take into consid-
eration the fact that a necessary concentration of molecules is required 
so that they have a chance of colliding and reacting. In addition, forces 
such as surface tension or adhesion must not prevent the collision of 
these few molecules.

Mixing
Many reactions, such as bioassays, phase-transfer reactions and multi-
component reactions including PCR and the Ugi reaction (organic 

Table 2 | Examples of the similarity approach

Parameter-related system Time-constant  Diffusion-related
 system system

Space, x d d

Time, t Constant d2

Linear flow rate, u d 1/d

Volume flow rate, F d3 d

Pressure drop (laminar flow), ∆p Constant 1/d2

Voltage (electro-osmotic flow),U d2 Constant

Electric field, U/L d 1/d

Reynolds number, Re d2 Constant

Peclet number (reduced flow rate), � d2 Constant

Fourier number (reduced elution time), τ 1/d2 Constant

Bodenstein number (reduced pressure), Π d2 Constant

Reduced voltage, V Constant Constant
Proportionality factors are given for mechanical parameters in relation to a characteristic length, d.
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reactions that can be used to form libraries of low-molecular-mass 
drug-like compounds), are diffusion related. In Table 3, a reaction 
system of two reactants is described. Usually, two molecules meet 
by brownian motion, which is dependent on the diffusion coeffi-
cient. That meeting process, which is a mixing by diffusion, is greatly 
enhanced in small structures because the time a molecule needs to 
travel a distance d decreases as 1/d2. Short diffusion times in the milli-
second range indicate that an efficient mixing of two solutions will 
be obtained when they are brought into contact on the micrometre 
scale. Because there is no turbulence in the micrometre regime, much 
effort has gone into designing devices to improve mixing capability. 
A mixing device based on flow lamination24 and measurements of 
protein folding by a pH jump25 used the short diffusion time on the 
microscale. However, the mixing process can be enhanced further by 
the use of chaotic advection, as demonstrated by Stroock et al. using 
herringbone mixers26, and by Song et al. for mixing in droplets with 
a two-phase flow27.

Multiple reactions
An important consideration in the design of systems to carry out multiple 
chemical analyses is the number of single, independent devices that 
can be arranged on a certain area — for example, on a microwell plate. 
This number increases with 1/d2. For instance, with a length of 10 μm, 
250,000 devices can be arranged per square centimetre. Such a host of 
devices could be used in discrete applications, or together for parallel or 
sequential processing. An impressive example is the multistep synthesis 
of radiolabelled image probes28. Five sequential processes can proceed 
with high radiochemical yield and purity on the nanogram to micro-
gram scale, and with shorter synthesis time relative to conventional 
automated synthesis.

Shorter diffusion times increase the exchange of molecular informa-
tion on the device and therefore the rate of information generation. 
When this rate is multiplied by the number of volumes present, a maxi-
mum information-density number can be defined per time and per 
surface area. Table 3 shows that it increases with the fourth power of the 
inverted distance d. It should be noted, however, that this limit cannot 

be reached in all cases. Slow kinetics, fluid-handling constraints and 
detection requirements will all restrict information generation. High 
information densities will be useful in the evaluation of the millions of 
compounds produced by combinatorial chemistries, or in speeding up 
clinical DNA diagnostics.

An example is the Affymetrix GeneChip microarray. Semiconduc-
tor fabrication techniques, solid-phase and combinatorial chemistry, 
and molecular biology are integrated to create arrays with millions of 
probes for DNA–RNA hybridization experiments29,30. By 2005, more 
than 4,200 publications reflected the extensive use of GeneChip sys-
tems in many areas, such as sequence analysis, targeted genotyping, 
expression quantification and regulation, as well as clinical research 
and molecular diagnostics (information obtained by Affymetrix, 
2006). 

A second example is the commercially available protein-crystalliza-
tion chip launched by Fluidigm in 2003. The chip uses micrometre-
scale channels based on multilayer soft lithography, and active valves 
for diffusive mixing of protein and crystallization reagents to overcome 
two major bottlenecks for protein-structure determination by X-ray 
crystallography: producing sufficient quantities of material and finding 
appropriate crystallization conditions. The TOPAZ Crystallizer chip 
can screen 96 crystallization conditions on four proteins in 384 parallel 
reactions using just 10 nl of protein per reaction; conventionally, 1 μl per 
experiment is needed. Here, high-throughput screening and sample-
volume requirements reflect the advantages predicted by the similarity 
laws of scaling.

Detection
Decreasing the dimensions of reaction systems to small volumes with 
small amounts of analytes naturally stimulates the demand for ade-
quate, high-sensitivity detection techniques. Besides electrochemical 
methods and mass spectrometry, optical techniques such as absorp-
tion, refractive-index variation, chemiluminescence and fluorescence 
measurements are usually used, because they are non-invasive and pro-
vide high temporal and spatial resolution for a suitable experimental 
set-up31–33.

Table 3 | Size dependent diffusion time and information density

Device characteristic

Volume, V

Number of molecules at 1 µM 6 × 1011 6 × 108 6 × 105

5 × 5 = 25 50 × 50 = 2,500 500 × 500 = 25 × 104

1.5 per min cm2 250 per s cm2 2.5 × 106 per s cm2

15 min 10 s 100 ms

1 µl

1 µL

1 nl 1 pl

1 mm

1 mm

1 cm
1 cm 1 cm

1 nL

100 µm

1 pL

10 µm

100 µm 10 µm

Number of volumes (volumes cm2)

Maximum information density

Diffusion time, td = Dd2

Length, d

      

1 cm

A number of device characteristics at three values of the typical length d. Diffusion coefficient D = 10–9 m2 s–1. A housefly is used to provide a pictorial representation of scale. (Reprinted, with permission, from Eye of 
Science.) 
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restrictions with respect to statistical coverage. These methods will only 
strictly fulfil scaling criteria if the mechanical confinement becomes 
smaller than the light wavelength.

Mass spectrometry
Significant progress has been made in the development of miniaturized 
mass spectrometers in a variety of field applications ranging from 
assessing the composition of planetary atmospheres and monitoring air 
quality on manned space missions36 to chemical analysis in unmanned 
underwater vehicles37 and the environmental analysis of air38,39.

Plasma discharges are used as excitation sources for molecular mass-
spectrometry components and adhere to one of the oldest scaling laws 
we know. It is a similarity approach firstly noticed in 1915 (ref. 40). The 
author of this paper, Townsend40, showed that an even earlier law41, 
from 1889, was a special case of a more general similarity approach 
that can be applied not only to breakdown in uniform fields, but also to 
a breakdown that depends on ionization by collision in non-uniform 
fields. As shown in Fig. 3, this approach can identify the smallest dimen-
sion for which a plasma discharge can be sustained under atmospheric 
pressure. For helium the dimension is 24 μm; in the case of argon it is 
6 μm. For analytical purposes, it makes no sense to work with higher 
pressures. This theorem was later extended by Holm42 to account for the 
maintenance of current between geometrically similar electrodes, and its 
relation to fundamental processes has been discussed by von Engel and 
Steenbeck43. Margenau44 showed theoretically how the principle might 
be extended to high-frequency alternating fields, and this has also been 
verified experimentally45,46.

Most microplasmas developed for analytical purposes have so far 
concentrated on gaseous samples, which limits potential applications in 
the field of μTAS and lab-on-a-chip47–49. They are not universal devices 
able to measure any kind of sample. The main reason for this is the dif-
ficulty in achieving adequate sample transport from the liquid to the 
gas phase, and in increasing the coupled electric power into the plasma 
without destroying the discharge housing over a certain limit. For mini-
aturized plasmas, the volume and discharge power is such that even small 
amounts of liquid can easily extinguish the discharge. For the analysis 
of liquid samples, microplasmas can either be coupled with different 
sample-injection devices or applied as plasmas that use one electrode 
as a liquid, or they can be ignited directly in the liquid50. A lot of work 
is going on in this area and further studies will improve performance to 
the level of classical analytical plasmas. If microplasmas are to be used 
with liquids, sample-introduction systems that generate vapours may 
not always be required. Applications as detectors in a variety of liquid 
chromatography and capillary electrophoresis modes will require further 
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Figure 3 | Similarity relations between glow discharges on the macro- and 
microscales. Two geometrically similar systems are shown with cathode, 
anode and negative glow. Underneath, the potential of the discharge 
is given, depending on the distance from the cathode. The distances d1 
and d2 are the points at which the discharge voltage change is maximal. 
Just as d attains values of d1 or d2, the breakdown flash occurs, which is 
where the negative glow of the discharge is located. On the left side is the 
parameter d1, obtained with helium direct-current discharge at a pressure, 
p1, of 30 mbar. Following the arrows, the calculations show that with the 
application of a voltage, U, of 240 V and a pressure, p2, of 1,000 mbar, the 
distance from the cathode to the negative glow will be diminished to 24 µm. 
The product p·d, the ratio E/p (E is the electric field), and all quantities that 
are functions of p·d or E/p, are the same in the two systems. The dependence 
of the breakdown potential on the product p·d was first established by de la 
Rue and Muller66 in 1880. Later, Paschen concluded from an extensive study 
of air, CO2 and H2 over a range of values of p·d that breakthrough voltage, 
Ub, is a function ψ(pd) of the product p·d only; this result is known as 
Paschen’s law. Carr67 confirmed its validity for a number of different gases 
for values of p·d from 0.1 Torr·cm to 15 Torr·cm. From typical Paschen41 
curves, E/p is shown to diminish as p·d increases. Transformations of 
quantities in homologous regions are given in ref. 46. In considering 
similarity for high-frequency fields, the parameter is no longer E/p only, but 
also involves a time factor that must be changed by a proportionality factor, 
K. This parameter must contain the term f/p (f is the frequency of the field) 
as well as E/p.

Figure 4 | Ion traps as an example of miniaturization in detection. The 
left panel shows the ITD700/800, a conventional ion-trap detector (image 
courtesy of Thermo Electron, Bremen, Germany); the right panel shows a 
scanning electron micrograph. The arrows indicate the two end caps and 
the ring electrode. Reprinted, with permission, from ref. 62.

 2 µm

 2 cm

Optical methods
Fluorescence analysis is particularly attractive because fluorophores 
can be excited and detected selectively. Furthermore, the excellent sen-
sitivity of fluorescence spectroscopy is greatly enhanced by reducing 
the size of the detection volume, because the background signal that is 
generated by impurities of the sample — for example, Rayleigh stray-
light and Raman scattering — scales linearly with the size of the detec-
tion volume. The fluorescence signal of a single molecule, on the other 
hand, is independent of the dimensions of the detection volume and 
remains constant34,35. The resulting high signal-to-noise ratio facilitates 
the recognition of single fluorophores residing in the detection volume. 
However, with fewer than 10 molecules, the measurement would not 
allow a statistically covered analysis but give a digitalized output.

Assuming a molecular weight of about 50,000, analyte concentrations 
in the higher parts per million range are needed for detection volumes 
lower than a cubic micrometre. At this concentration, effects such as 
viscosity and light scattering have to been taken into consideration. 
Detection methods such as surface plasmon resonance or detections 
related to evanescence fields do not depend on geometrical scaling but 
on the wavelength of the light; however, they are subject to the same 
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characterization of the role of electrolyte/mobile phase identity on system 
performance as well. Devices such as these will have a place in the general 
field of elemental speciation, in which relatively simple devices of low 
power consumption could be widely applied. 

The miniaturization of almost every type of mass analyser (quadrupole 
ion trap51–53, time of flight54–56, magnetic sector57–59 and linear quadru-
pole60,61) is an active area of research. Miniaturized mass analysers reduce 
vacuum-system demands, because the maintenance of a constant colli-
sion frequency allows an increase in pressure as the analyser size is scaled 
down. Consequently, power consumption for vacuum and backing pumps 
may be reduced36. The quadrupole trapping technique (such as the Paul 
trap) is the most amenable to scaling down to the 1 μm and 10 V regime 
(Fig. 4). The mass-to-charge ratio of the quadrupole techniques scales 
proportionally to the applied voltage, inversely with the square of the char-
acteristic length d of the analyser and the angular radio frequency, Ω. A 
reduction in the trap size requires that either the rf amplitude has to be 
decreased quadratically (for a constant Ω) or that the Ω has to be increased 
linearly (for a constant V) with the dimension of the trap, d.

The number of trapped charges in a 1 µm cylindrical ion trap operating 
at modest voltages will be small62. In fact, for trapping times from 
microseconds to milliseconds during which mass analysis can occur, it 
is expected that a 1 µm trap will contain at most one ion. Consequently, 
practical mass spectrometry with 1 µm traps will require a massive array 
of traps operating in parallel to obtain a useful ion signal.

The future
There has been much interest in the concept of nanofluidics and there 
seems to be a tremendous potential for more basic research on the subject. 
However, such devices fall outside the scope of many of the scaling princi-
ples described here, and new laws will have to be fully characterized. We 
believe that nanofluidics has not yet fully found its role. It is often said that 
there is plenty of room at the bottom, but perhaps not for nanofluidics 
in the field of traditional analytical chemistry, and not yet for commer-
cialization. Nevertheless, inspired by the nanostructured, biochemically 
powered machinery of cells, a wealth of possibilities for nanoreactors and 
transport systems might evolve over the next decade or two. 

We have already covered some specific opportunities for future 
research in the sections above. More broadly, the issue of integration 
will challenge the chemical engineer: process monitoring and control 
to rapidly acquire information in combination with additional reaction 
and preparation steps in one device. 

Future research will also need to address some limitations of scaling 
that have so far prevented the miniaturization of certain devices. An 
example is high-performance liquid chromatography. Because of pres-
sure drop, today’s ultrafast high-performance liquid chromatography 
techniques demand pumping power of up to 400 bar. Further mini-
aturization would increase the pressure needed up to thousands of bar. 
It would not only be hard to construct such powerful pumps, but would 
also go beyond the mechanical stability of the chip material itself. There-
fore, other ways have to be found to move the liquid phase alongside the 
stationary one. Besides the use of electro-osmotic flow63, Desmet and 
Baron proposed the use of shear forces and demonstrated the success of 
this approach for straight channels64,65.

The design of μTAS has required the use of a scientific literature span-
ning 200 years in a range of fields. This implies that a list of all areas of 
technology and applications can be consulted to find more missing links. 
We think that everyone could look at the literature and come up with 
new ideas for how to develop new approaches to designing miniaturized 
analysis systems. More approaches are out there, and we will continue to 
look for them and to exploit them in designing new miniaturized analysis 
systems to make laboratories more efficient and cost-effective. ■
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