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Abstract: This review presents an overview of the different techniques developed over the
last decade to regulate the temperature within microfluidic systems. A variety of different
approaches$ias been adopted, from external heating sources to Joule heating, miesowa
or the use of lasers to cite just a few exampldse scope of the technical solutions

developed to date is impressive and encompasses for instance temperature ramp rates

ranging from 0.1 to 2,000 €/s leading to homogeneous temperatures 8&nto 120 €,

and constangradientsfrom 6 to 40 €/mm with afair degree of accuracyWe also
examine some recestrategies developed f@pplicationssuch as digital microfluidics,
where integration of a hBag sourceo generate a temperature gradierérsfcontrol of a

key parameterwithout necessarily requiring great accuracy. Conversely, Temperature
Gradient Focusing requirdggh accuracy in order to control both the concentration and
separation of charged species. In addition, the Polymerase ChaitidRerequires both
accuracy (homogeneous temperature) and integration to carry out demanding heating
cycles The spectrum of applications requiring temperature regulation is growing rapidly
with increasinglyimportant implications for th@hysical, chemical and biotechnological
sectors, depending on the relevant heating technique.
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1. Introduction

The development of labn-a-chip requires the integration of multiple functions within a compact
platform, which is readily transportable and can deliver rapid data output. One such functionality is the
control of temperature, either in terms of profile (homogeneous or gradient) or in terms of the
accessible range, and both cases with the greatemtcuracy possible. Indeed, thegulation of
temperature is a critical parametermanagng many physical, chemical and biological applications.
Prominent examples of applications requiring tight temperature control are Polymerase Chain
Reaction (PCR])1i 15, Temperature Gradient Focusingr fElectrophoresiTGF) [16,17], digital
microfluidics [18 31], mixing [32i 34], and protein crystallizatio[85]. The scope of this article is to
provide a comprehensive applicatidvessed overview of heating techniques reported in the literature
during the last decade. The vast majority of studies, involving heating/cooling technologies exploit
external approaches such as the use of macroscopic Peltierlorgpee liquidg1i 5,361 40] flowing
through themicrosystem.These technologies facilitate both homogeneous temperature regulation
within the whole microsystem, and linear temperature profiles often with a high degree of accuracy;
however the control is not integrated and may thus limit the potential applicatocaddition to the
integration of micrePeltier componentspther integrated technologies have been developed using:
Joule heating15,20,21,28i 30,411 46], microwaveq47i 64], endothermal chemical reactior&b{ 66,
andintegrated wires and lase&7[ 70].

The review is organized as follew

The first sections focus on the different techniques reported to date. These techniques are describec
along with the corresponding specifications if explicitly stated in the original ré¢peet Table 1)
Techniques are classified according to their level of iateyt

x Section 2 coves external heating methodse., by means of commercial heatexsth some
degreeof integration, but entirely external approaches (such as usingldies) are not
considered here
Section 3 usingintegrated heatemsithin the microsystemand,

Section 4 heating techniquesxploiting electromagnetic radiations.e, the liquid is directly
heated in the bulknaterial

x In Section 5, we introduce a range of applications that illustrate the efficacy of different heating
techniquesThroughoutthe paper we refer to these applications, the reader not familiar with the
applications is invited to refer to this sectidine spectrm of applications is wle-ranging and
rapidly growing and it is not our interdn to detail all the applications that may benefit from
thermal control but rather to give an overview of the variety of approaches that have been
adapted for different applitans
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Table 1.Summary of the specifications related to the techniques discussed in the review.

35

Heating method . Spatial distribution
. Range o . Power
Pre-heated Joule heating _ Chemical | - Level of temperature Constant T Gradient T needed
- Microwaves Integration i
liquids homogeneouq gradient reactions (©) Ramp rate Accuracy | Maximum value | Response (mw)
T T (Cls) x€C) (€/mm) time
[36] 5i 45 +413 0.3
[37] 5i 45 +413 1
[38] ++ 1Gi 80 58
[46] ++ 10i 80 25 <50
[16] ++ 5160 13.75 ~3min
[40] +++ T 8120 +1067 89 0.2
2] +++ 22i 95 +1007 90 0.1
[67] ++ 20i 96 +207111.5 0.5
[41 ++ 20i 130 +0.1 0.2 1,000
[44] +++ 5Gi 100 +207110 1 2,200
[42] ++ 25130 1,700
[15] +++ 25/ 96
[13] ++ + 25196 +2071 10 0.2
[29 +++ 25i 55 11 1s 500
[45] +++ 25196 +201 20 0.6 300
[20 +++ 25/ 96 6 ~1min 500
[21 +++ 2596 40 500
[43 ++ 25 75 +20 2 1,000
[59 + 2532 10
[56] + 201 70 +7 not stable 400
[57] + 20i 96 +65 0.1 500
[64] +++ 21i51 +2,00071 30,000 14
[55] +++ 3153 7.3 1s 1,000
[65] ++ + T 876 1 0
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All the reported techniques, as well as toaditions reporte¢heating method, level of integration,
range of temperature, spatial distribution and power ng¢ealedsummarized in a table at the beginning
of the paperGenerally, it seems that therecigrrently no consensus on any given technique that would
satisfy all the requirements specified by the complete range of applications; however each of the
techniques described hehes successfully demonstrated the integration of temperature control for
specific applications.

Note also that temperature mapping techniques are beyond the scope of the current paper, for thi:
we refer the reader to the recent reviewdwsse, BergaudndLdw [ 71].

2. External Heating

This section describes techniques based on commercial heaters, either to heat liquids prior to being
injected into the microsystem, (pheated liquids), or the incorporation of commercamponents
such as Peltier elements. Depending on the final application it is possible to generate either uniform
temperature control or temperature gradients, as outlined in the next subsections.

2.1.Homogeneous Temperature

A number of techniques using pheated liquids have been reported for microfluidic devices. These
methodsutilize microheaters such as Peltier elements to establish either a uniform temperature or
a constant gradient in a given region. Velve Casquilasca-workers B6,37] developed a diggsable
polydimethylsiloxane (PDMS) based emfluidic device consisting afvo Peltierstagescontrolling
the temperature of the liquid flowing through a control chanfigiufe Xa)). The virtue of PDMS is
its relatively low thermal conductivity (0.15 WHKntypically), which allows efficient heat transfer
from the source towards the liqujchinimizing energy losses) [43This integrated system is capable
of reversibly switching between 5 € and 45 € in less than 10 s (Figure 1(b)). Changing the direction
of the liquid flow through either a cold or hot Peltier using a syringe pump changes the temperature of
cells locatedunderneath the temperature control channel. To characterize the temperature response o
the chamber, a thin platinum resistance (50 nm) was bonded to the microchannel block. As the
electrical resistance of platinum changes nearly linearly with temper#taguthors could record the
temperature inside the cell channels by measuring the resistance in the wire.

The previous example shows the potential to exploit external Peltier elements, typically by
positioning these elements underneath a microdfigitezos and cavorkers R,3] report the usef
a microfluidic thermal heat exchanger to cool a Peltier junction and demonstrate rapid heating and
cooling of small volumes of solution (typically 0.4 (L). The microfluidic device is able to perform
very fast cycling over a temperature range from@®23 €. The introduction of four parallel Peltier
junctions resulted in ramp rates of about 100 €/s for heating, and 90 €/s for coolingninsaell,
this simple technique represents a miniaediPCRon-a-chip system to amplify DNA fragments.

More sphisticated setips have been described by Khandumal. [4] who have developed a
device consisting of a compact thermal cycling assembly base@eltier elements surrounding a
microchip gel electrophoresis platform for rapid PCR based analysis. The temperature ramp rates
achieved are typically 280 €/s. For amplification, the temperature steps ar&€9460 € and 72 C
with hold times of 3020, 25 s, resulting in ~1.25 min/cycle (Figure 2).
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Figure 1. (a) A schematic representation of the control devieenperature is set byna
external Peltier element; the yeast channel is placed below the temperature control channel
(b) Temperatureversustime plotshowing a heating rate of 4 C/Reprinted from[37],
Copyright 2010, with permission from Elsevier.
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Figure 2. Temperatureversustime for Polymerase Chain Reaction (PCa&pplification.

The gray solid line represents the-geint temperature, the black solid line is the temperature
of the bottom Peltier element and the dashed line is the reaction mix temperature.
Reprinted with pamission from fi]. Copyright 2000 American Chemical Society.
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Along similar lines, Yanget al. [5] used a serpentine shaped thin (0.75 mm) polycarbonate PCR
micro reactor and demonstrdtiés detection sensitivity and specificity in amplification of taecoli
K12-specific gene fragment. During thermal cycling, the PCR device is sandwiched between two
Peltier elements (Figure 3). The authors performed 30 cycles in 30 min and were able to amplify the
K12-specific gene from 10 cells in the peese of 26 blood. Rltier surface and intrehamber
temperatures are transduced by thermocouples which regulate the temperature cycles. Heating rates ¢
71 8 €/s and cooling rates ofi® C/s can be achieved using this technique.
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Figure 3. A picture of the chip included irhé heatingcooling device. Reprinted with
permission from%]. Copyright 2002, Royal Society of Chemistry.
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Qiu et al.[11] describel a new method to perform PCR diagnostics based on plastic microfluidic
reactors with relatively large volumes (10 to 100 |L). The device is a portable thermal cycler
combined with a compact detector for reade PCR,which can quantify the amount of anfmd
DNA during an experimentThe chip is located between the master thermoelectric element and a
thermal plate. The system achieves a temperatumprate of approximately 4 €/s for heating and
6 C/s for cooling, and the temperature of the liquidthe reaction chamber follows the getint
temperature with an accuracy of £).1 € up to a temperature of 94 €.

Maltezos et al. [2,3] integrated micrePeltier junctions of size 0.& 0.6 x 1 mnT into their
microfluidic device in order to heat and cool nanoliter fluid volumes. These jundemeratea
temperature range from3 € to 120 € with an accuracy of about 0.2 €and good longterm
stability. Temperature rates of 106 €/s for heating and 89 C/s for cooling were achieved.

Apart from PCR applicationd, iu et al.[72] developed a valving mechanism using paraffin, which
undergoes solitiquid phase transition in response to changes in temperature. As shown in Figure 4,
a blok of paraffin initially blocks the channel. The paraffin is melted by a heater located directly
underneath the chip, and moved downstream by pressure coming from an upstream channel. Once th
molten paraffin moves out of the heating zone, it begins tdigobtin the wall of a wider channel. The
opening of the valve is single use and facilitates transportability in a sealed .shistewver, the
response time of devices mentioned above diréhe order of 510 s, which is relatively high
compared to other syems which bring into play pressure controlleebéinvalves [73,74).

Mahjoob et al. [7] introduced porous inserts with high temperature conductivity to improve heat
transfer by providing a large surface area for a given vallime system is assembled in three layers:
the porous medium is located above anempeable conductive plate and the microchip is placed
underneath this plate. An optimized technique is established based on the effects of several parametel
(heat exchanger geometry, conductive plate, porous matrix material aiegcn the temperature
distribution and the power required to circulate the fluid in the heat exchanger. The heating/cooling
ramp of the PCR heat exchanger is equal to 150.82 €/s, which is considerably higher than results
reported elsewhere in the literagur
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Figure 4. (aib) Schematic illustrations of a clospen paraffin microvalve design.
(cie) An opencloseopen microvalve design(f) A photograph of a PCR chamber
surrounded by five paraffibased microvalves: valved 3 are operclose valves, and
valves 4 and 5 areloseopen valves. Reprinted with permission frorg][ Copyright 2004

American Chemicabociety.
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2.2. Temperaturésradient

It is also possible to generate temperature gradients using tHeeaiesl liquids approach as
reported byMao et al. [38]. A linear temperature gradient is generated across dozens of parallel
microfluidic channels simultaneously, located in between a hot source @id sink separated by a
straight wall (Figure 5). The device was manufactured using soft lithographic techr8uasd its
dimensions range fro 20x 7 pm2p to 250 x 7 pm2The linear temperature profile of 5.8 €/mm
depictedin Figure 5 was measured in a microfluidic device composed of eight parallel channels
located in between the heating and cooling tubes. A thermocouple is pladéteraint locations
giving rise to the plopresented on Figure 5.

Figure 5. A schematic of the device producing a linear temperature gradigms. aj
representation of the heat flux going from the hot source on the left to the cold one on the
right. Repinted with permission frorf38]. Copyright 2002 American Chemical Society.
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In a similar approach, Matsui and-aw@rkers [L6] integrated two Peltier elements to generate
temperature gradientyhich canachieve temperature gradients of 13.75 €/mm across a 4 mm gap.
The dimensions ofhe Peltier elements are 20 mm wjd40 mm in length and 3.4 mm in height.

The authors combine a temperature gradient, an applied electric field and a buffer with
a temperaturglependent ionic strength in order to focus analytes by balancing their eleottapho
velocities against the bulk velocity of the buffer containing the analytes (TGF). In 45 s, Oregon Green
488 carboxylic acid is concentrated approximatelyf@@ by applying a moderate electrical field of

70 V/om and a temperature gradienti®. 75€/mm across a 4 mm gap.

Finally, the generation of temperature gradients uBlaljier elements can be applied mapout
solubility phase diagram&aval et al. [35] devised a new microfluidic chip that allows the direct and
guantitative reading of twdimensional solubility diagrams (Figure 6). Firstly, droplets containing a
solute with a gradual varian of concentration are stocked on the chip. Crystallization is induced in
these droplets by rapid cooling, and finally, a temperature gradient is applied to dissolve crystals in
dropletsat temperatures higher than their solubility temperature. As dt résey directly sample the
solubility boundary between droplets with and without crystals, which gives the solubility
temperatures at different concentrations.,(2D-readable system: abscissa with temperature, and
ordinate with concentration).he tenperature fied of the chip is controlled biwo Peltier elements
located underneath a silicon wafer which forms a chip support to optimize thermal transfers, and
generates regular temperature gradients of about 0.7 €/mm along the storage channelsggimals or
technique is simple and cheap and could potentially be used in high throughput studies, given the smal
amount of reagents needed (around €50

Figure 6. (a) Design of he microfluidic device (channel width 500micrpnSilicone oil is
injected n inlet 1 and aqueous solutions in inlets 2 and 3. The two darited indicate the
positions ofPeltier modules used to apply temperature gradients. The three lines of dots
mark the positions of temperature measureménjs=xample of diredy readingout of a
solubility diagram. The dottedine surroundingdroplets containing crystals gives an
estimation of the solubility limitReprinted with permission frorf85]. Copyright 2007,

Royal Society of Chemistry.

_______________________________________

Ve

VT

Peltier elements are widely used to create hot/cold zones, and are able to generate a spatic
distribution of temperature with impressive accuracy. However, for many techniques, these elements
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are not conglered as an integral part of the microfluidic chip because of their size, which is typically
several millimeters. However, methods have been developed to integrate heating or cooling functionalities
directly into microfluidic systems. These approachegpegsented in the following sections.

3. Integrated Heating

We now turn to integrated techniques, from which heat diffuses from/tointegrated
heating/cooling sourcelhe first exampleve present derives frorie use ofa chemical reaction.
In 2002, Guijt et al. [65] made use ofendothermic and exothermic processes to locally regulate
temperature in a microchannel. This method is fully integrated and costiveffasth channelsof
typical dimensions: 54m wide and 19um deep. For cooling, the evaporation of acetone (Reagent 1)
in the air (Reagent 2) is used as an endothermic process. For heating, the dissolution of 97 wt%
H2S04 (Reagent 1) in water (Reagenti®)used as an exothermic reaction. The certinannel
(represented in redn Figure 7 is filled with a solution of LM R hodamine B inwater so that the
fluorescencaives a direct measurement of the temperature inside the microchdoteethat heatig
experiments were conducted in gkagass channels whereas cooling trials were carried out in
PDMSglass systems. By tuning the flow rate ratio between the two reagents, the authors demonstrate
control over the intensity of the reaction and hetloe temperature. This approachn achieve
temperatures ranging from 713 AC up to 76 AC wi

Figure 7. Two reactant channels merging into a temperature control channel, running
parallel tothe working channel

Reagent 1 Reagent 2

Microfluidic channel

)

y

0

This kind of approachwas optimized by Maltezot al. in 2006 p6] for cooling. The authors
compared a range of different solvents and angl&s the schematic) of the-Minction, evaporated in
a N, flux. They concludedhat the most efficient solvent they testeas di-ethyl ether with an angle of
10A, which offers the possibility t ominatesoThis do w
method is again cheap and clearly suited for microfluidic applications but requires further refinement
of the heating contrdb work efficiently in PDMS channels.

The following section concerns the mastely reported technique in the Iregure based orJoule
heatingtemperature contr@pproache$20,21,28 30,411 46]. The technique relies on a simple physical
property of conducting metals or liquids. Whichever technique is used to embed heating resistors in a
microfluidic system, a linear relationship can be demonstrated between the dissipated power (given by
the applied potential and the resistance of theehpaind the heat flux. A stationary temperature
profile (Figure 8) can be achieved either by the addition of a heat sink, or by feedback control
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requiring the integration of a sensor (this point is critical for all techniques in which power is
applied increasing the mean temperat@ras opposed to imposing a temperature). In addition, due to
the small size of the heaters, the required heating power generated is in the rang®yhpplying

only a few Volts.

Figure 8. (a) Calibration curvesplot of theresistance Rersustemperature T fothethree
microheaters Reprinted from[42], Copyright 2011, with permission from Elsevier.
(b) Temperature increase as a function of power supgpdprinted from[45], with kind
permission from Springer Science+Business Media
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Thermal actuation of microfluidic valves by generating a heating pulse has recently been reported.
Pitchaimaniet al. [75] used a PDMS based microfluidic chip to control fluid flow in microchannels.
The aithors took advantage a@bonstraineddeformationin PDMS to develop a thermally actuated
plastic microfluidicvalve. The fluid flow is controlled through the deflection of a thin elastomeric
film, actuated by a temperatusensitive fluid located inside the valve. Heaters are manufactured by
depositing a 100 nm thick gold film onto a cleaned plastic film by epatt. Depending on the heater
power used, the local channel temperature was 10 to 19 € atheveoom temperature, enabling
controlof flow ratesfrom 0.33 to 4.7 pL/min in a 110 pm wide and 45 pm deep microchannel.

Similarly, Guet al.[76] used a PDMS based thrkgyer stucture to control the openiragpsng of
amicrochannel (Figure 9 his technique is also applicable to polymethylmethacrylate (PMMA). The
valve-containing device can withstand about 700 kPa without delamination, and the PDMS/PMMA
bonding strength reaeba plateau when the temperature is higher than 70 €.

Finally, different temperature profiles may be required: either homogeneous as in PCR applications,
or gradientlike for TGF or droplet actuation techniques. In both cases, it may be crucial to perform a
temperature profile with the best achievable accurattiipughsome applications do not require a
sharp control. In order to meet such stringent requirements, different heating techniques and
geometries of heaters have been investigated: the use of ionic ligusiks; fabrication of wires and
surfacepatterning of retal resista using classical microelectronic techniques. These techniques are
summarizedin two larger categories: the generation of a homogeneous temperature profile and
generation of a temperature gradient.
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The next two subsections are dedicated t¢iapzontrol of the temperature.

Figure 9. Pr ocess pow of bio sulstrate gvith @olydimethylsiaxgné a s t
(PDMS) layer (ai d), followed by additional steps for valve fabricaticgi ). Reprinted
with permission from76]. Copyright 2011 American Chemical Society.
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3.1. Homogeneou$emperature

To our knowledge, the only reported work usangonductive liquid is fronDe Mello et al. [41]].
The authors present a microfluidic device incorporating working channels (samplih
a serpentindike geometryand parallel channels(Figure 10 in which ionic liquidsare Joule heated
with anac current(up to 3.75kV, f = 50 Hz andP = 1 W). Consequently, the internal temperature can
be easily andlirectly controlled. Temperature measurements were performed using three thermocouples.
The onic liquds used in this experimenwere [BMIM][PF6] and [BMIM][Tf2N]. Devices can be
heated rapidly or slow]ydepending on the applied voltagend temperatures ranging from &0to
90€ can be set to withiz0.2C.

Figure 10. Sketch of the device composed of a working channel (depicted in black)
together withparallelchannelsontaining the conductive liquid (depicted iragr Crosses
standfor the position of thermocouplesReprinted with permission frof#1]. Copyright

2004 Royal Society of Chemistry.
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The serpentindike geometry was also studied by Labal. [44] with integrated platinum heaters
and sensordgure 11a)), thermally isolated and digitally feedback controbdldwing atemperature
control of £1 € and rapid heatingcooling processes(heating rateof 20 €/s and cooling rate of
10 €/ s, response time of approximately b & feedback contrglbased on a gain scheduling control
algorithm is used to have an improved temperature response inside the chamber. The maximum powel
required ® maintain a 20 L glycerol solution at 90 € is 2\&. Figure 11(bshows a good agreement
between the chamber temperature and thea@et over one cycle, demonstrating a good control of
theovershoot.

Figure 11 (a) Integration of platinum heatersgrpentindike geometry) togethewith the
integration of sensorgb) Temperature response of the reaction chanfitwedifferent
fluids, showing he gain scheduling control algorithm efficiendyeprinted from[44],
Copyright 2000, with permission from Elsevier.
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Based on the same heater geometry, Mawté&i.[42] developed a simple microfluidic chip made
of Py r a lwithx&Edoublesided Cuclad polyimide (PI) 136 pm thick substrateCR with a fast
DNA amplification rate is performed The DNA sampldlows through the different thermal zones
required to perform PCR (denaturation at 95 €, annealing at 60 € and extension at 72 €, see
Section ) in a 150 ym wide and 30 pm deep microchannel, completing 25 thermal cycles and
resulting in a 2 multiplication factor of DNA. Each thermal zone is ab@5tmmx 10 mm This
studyshowsa characterization of the microheaters used through the resistnsostemperature plot
(Figure 8(a)).

Temperature control can be performed ugitatinum thin layers akeaters and as temperature
sensorsDincaet al.[8] presenéda micro PCR reactor device using this type of heater. For the fastest
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experiment, 32 cyclewere successfully carried out in less than 25 min, with temperature ramps of
7.7 €ls for heating and 6.2 €/s for cooling. Lieet al. [9] presengéd an integrated microfluidic
system capable of performing FAICR(Reverse Transcription of RNA to DNpreviously to PCR:

70 € during 10 min, 48 € during 1 h and 95 € during 15 min) processes for multiple simultaneous
detectionsof four major types of aquaculture disease mark®isc platinum resistors are chosen as
the material for the micro heaters and the temperature sensors, and gold (Au) metallizatiofois used
the electrical connectors of both the micro temperature serssat the arrayype micro heaters
(heating rat0 €/s and cooling ratd0 C/s).

Hsiehet al.[12] performed a rational approach by comparing the temperature response for different
geometries of microheate(Bigure 13: two-blocks, twaeblocks with additional side heaters, and an
array wih additional side heaterExperiments shova temperature homogeneityprovementwhile
increasing the number of heating sources for a given spatial region. An interesting matter raised by the
authors is the level of accuracy while stating that the testy@r is homogeneous on a whole cavity.

As shown inFigure 1Zc), it is obvious that a sensor placed at different locations (represented by
gray lines) returns an average temperature smootthiadluctuatiors along the sensoklence hese
expermentsunderline that stating a homogeneous temperature requires temperature mapping over the
whole region of interest.

Figure 12. Infrared images of each microthermal cycler without heat sinks at the
denaturingemperature(@) 2-D t e mp er at ur ecktypeanicroheatecgh)2-D he bl o
temperaturgg r oy | e o-fypetmitrehedidradticakiditional side heaters by applying

an ACfield(c)2-D t emper at ur e -fypemigrbheatecs fwithtAG enitSaer r a y
dotted line shows the location of the P@&RctionchamberThe dimensions of each block

in (a) are 2,900 prx 6,000 um, which are divided into grids (100 pm 100 pm) with a

spacing of 100 um in (c). Reprinted frorhd], Copyright 2008, with permission from Elsevier.

Block-type heater Block-type heater w/ AC  Array-type heater w/ AC

(280 Q) (280 Q)
(280 Q) AC AC AC AC
Sensor heater Sensor heater heater Sensor heater
Heater Heater Heater Heater Heater
(10Q) (10Q) (11 Q)

[]Platinum [ Gold
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The authors werdeeper into their study by investigating other geometries such as serpshipe
and secompensated arraype heatersl3]. The aim of the studywas to improve the temperature
uniformity for PCR applicatios. Indeeda homogeneous heater pattern cannot lead to a homogeneous
temperature due to side effectvhereghermal losses are higher than in the central zone of int&rest
authors use electreneam evaporation and standard-dift processesat patern thinfilm heaters
(90 nm PtA5 nm Ti), a temperature sensor (90 nmiBthm Ti) and electrical leads (180m Au20nm
Ti). Results show that a regular array gives a better homogeneity thdatottks or serpentine, however
this can be improved by a s@&ldmpensation: the heaters placed at the edges are smaller in order to
counterbalance the side effect§he authors tested different selbmpensationsonfigurations The
self-compensated heaters happen to give the best uniformity on a selective rethigereentages of
the uniform areaf 90.3, 99.9 and 96.8 % at ,985and 72 € respectivelywithin thermal variation
of1C.

This approachhas been valuefbr PCR amplification byflowing reagents from one region, with a
set temperature of 55 ©@p a warmer onesettemperature75 €). The microfluidic ystemcontains
three heating regions dfifferent temperatures together with microfluidic channels. The temperature
cycling is achieved bynaking a loop on the three regiona 2009, Wanget al. [15] desighed a
microchip based on this paiple. As showrin Figure 13 they desigadthree reaction open chambers
(5 mm diametér connected with microfluidic channels. Underneath, threeydy@e microheaters
(Figure 1%c)) arepatternedand deliverech homogeneous temperature prafiléne liquid is displaced
thanks to peristaltic valves/| in approximately 2 s. A cycle is performed in 110 s. The main
advantage of this method is the ease of temperature calibration and thus its precision.

Figure 13 IR images of the device showing the three different temperature zones (5, 72
and 94 €). Repmted from[15], Copyright 2004, with permission from Elsevier.
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In the same spiribf shape optimizatigrSelvaet al.[29,45] provided shape optimization of heating
resistos in order to generate different temperature profiles. Shape optimizedéiscarried outon the
heating resistor shapeoupling two numerical tools: a genetic algorithm (NSGAW7,78], and a
finite elementstudy of the thermal response of the heatEng resistas are made of chromium 15 nm
thick. The typical heating poweaequired isof the order othundreds of mWA 600 um x 600 pm
square region is heated at €9 with a transient regime of 22 0.1 s to reach an asymptotic state
(90% of the asymptotic value is reached in abost Which is much faster than a Peltierater),see
Figure 14ab) for which it is clear that side effects have to be compensated by thinner resistors at the
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edges.The g/cling temperaturevasdemonstrateés havinggood stability over time, provided a heat
sink is placed below the cavifffigure 14c)).

By patterning the substrate \Wwian optimized resistor, it ipossible to generate a homogeneous
temperature within a cavity with great accuracy and with short response (§taedard deviation
below 1 € and asymptotic regime reached afle? s).

Figure 14. (a) Experimental temperature distribution resulting from the optimized resistor,
providing a mean temperature in the cavity of @9 (b) Experimental temperature
distribution in the novoptimized casei., with constanwidth elemets), for a mean
temperature into the cavity of 2. (c) Experimental mean temperatwersustime for
cycles with a 10s period and an acquisition frequency of 5. The transient state
lasts approximately . Reprinted from[45], with kind permission from Springer
Science+Business Media
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Figure 15 Temperature in the working channel as a function of the squared input voltage.

The three insets are IR imagé#adtrating the spatial distribution. Reprinted with permission
from [67]. Copyright 2009, American Institute of Physics.
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The last reported technique is the integration of metal wikeset al. [67] designed a microheater
and alsahermal sensor directly by injecting silver paint (or other conductive materials) into a PDMS
microchannel. In this study, they use SPI silver paste dilutesFb thinner (ratio 1:3) followed by an
ultrasonic bath treatment. The paste is injected in the channel and then heated to vaporize the solver
in three steps: 6€, 100 € and 150 €. The calibration curve Resistanes. Temperature is done
with an IR @amera and reveals a good spatial homogeneity in the middle of the serpentine. It also
shows a good linearity in the #1805 € range. Theyachieveda heating rate of 2€/s and a steady
state error of aboutGt5 €. With an applied voltage varying from 01® 2.2 V, the authors obtained a
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temperature from 45 to 110 (Figure 15. Moreover by measuring the resistance of a thinner wire,
they could deduce its temperaturEinally, by deigning a double serpentine Igage one for heating

and a thin one for sensipgthey created a microheater and a thermal sensor. Additgpaing
channels, LabView voltage and air pressure controls (with a PID module), they finally designed
a 25x 25 mn® temperature controller that cae bonded under a micahip. One of the advantages of

this technique is the low cost of the device.

3.2. Temperaturésradient

For given applicationse(g, droplet actuationSoret effect, TGFetc) it is necessary to generate
temperature gradients, ledr in a controlled way (controlled shape of the temperature profile) or not.

In the field of droplebased microfluidics, a first application is focused on the displacement of a
droplet in a capillary (1D geometrylguyenet al.[22] presented both theoretical and experimental
results of thermocapillary effects of a liquid plug in a long capillary, subject to a transientaamgper
gradient generated by a resistive heater. The transient temperature gradient spreads in the capillar
wall much slower than the droplet itself. Consequently, the plug moves out of thgradjant region
and decelerates. Jia al. [23] reported the reciprocating thermocapillary motion of a liquid plug
located in a capillary and positioned between two heaters. The model shows the couptihg eff
between the surface tension driven movement of the plug and the heat transfer in the capillary wall.
The temperature gradientgenerated by the two heaterause diquid motion Finally, Sheret al.[14]
investigated the physical mechanisms affecting migration of droplets due to thermocapillarity.
A constant thermal gradient (up to 4.21 €/mm) is generated by powering a metal heater sinpe at
edge of the chamber, and cooling at the opposite edge by circulating coolant through a brass heat sin}
The results of this study shed light on the critical role of mechanical or chemical hysteresis, and
highlight the need to minimize power requirerseim microfluidic devices.

Figure 16. (a) A schematic view of the microfluidic device (dimensions in pm).
(b) Variation of the delay distance d with temperature. Reprinted with permissionf8éhm [
Copyright 2099, Institutef Physics.
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Another 1D droplet handling can be performed using the integration of a sergietimécro-heater
which locally generates a temptna gradient together with a local decrease in the continuous phase
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viscosity. Considering such an integration in a 1D geometry, it is possible to control the breakup or
switching of a droplet arriving ia T-junction as reported byap et al.[18,19]. The authors present a
thermal cotrol technique for microdroplets at a bifurcation, using an integrated microheater which
induces simultaneously thermocapillarity and a reduction in fluidic resistanmeei of the branches
(Figure 16(a)). Droplet breakup and switching are demonstratdunwa temperature rangef
25i 38 € (Figure 16(b)),which enablesiealing with biological samples.

Jiaoet al. [20,21] presentd a devicewith four integratedheaters providing temperature gradients
for dropletbased microfluidic systemd=igure 17. The heaters are structured on a glass wafer of
a 10mm x 10 mm squareregion and are made of thfiblm titanium and platinum. The maximum
heating power of each heater is equal toW.5

Figure 17. Top and lateral views of the deviskowing four heaters placed along a square,
generating temperature gradienfsr which both shape and magnitudefluence the
heating power of each single heateeprinted with permission frof21]. Copyright 2008,
Instituteof Physics.
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In such a configurationit is possible to drive dropletby imposing a succession of different
temperaturggradients along the 2D substraiéne four microheateractuated independentfyenerate
variable surface tension gradieniBhe droplet can bpositioned anywhere in the channel depending on
the strength of individual heaters (Figure 18).

At a more integrated level, Darhubet al. [24i 27] developed a systemwith thin Ti metallic
microheaters (thickness 100 nm, length 3 mm and 0.8 mm winlf5Q® nm SiQ layer depositedor
electricalheatergsolaion ) coupledto a chemical patterned glass substrate and electronic actuation.
The typical rangeof appliedpower for a single microheater i$ 200 W (maximum output volge
10 V; maximum output current 90AW. Based on thermocapillary actuatighey controlled, witha
great accuracythe formation, 2D displacement, coalescence and breakup of dooptetmand27)
(Figure 19).The initial volume of liquid is B16 L.

Selvaet al.[29] also reported shape opiization on resistors (chromium 15 nm thick, connected by
gold wires 150 nm thick) to generate a linear temperature profile, as sketdrigdre 20Applying a
power ranging from 200 to 500 mW, an intense temperature grgdgetd 11 €/mm with a stanard
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deviation of approximately%) is generateqFigure 20).The transient regime of application of the
gradient lasts about 250 ms.

Figure 18 Succession of droplet positions by spatially varying the temperature gradient in
time, (duration 80 s Reprintel with permission from 41]. Copyilight 2008, Institute
of Physics

1 ram

Figure 19 (aie) Thermally induced splitting of a dodecane drop on a partially wetting

stripe (w = 1,000 un). The voltage applied to the microbeat ( 155 q) was 2. °
images were recorded at t = 0, 6.0, 7.5, 8.0, and 8(f i$.Dodecane drop propelled

through an intersection outlined by the dark gray pattera {y000 um, time lapse 104 s).

(j71) Dodecane drop turning a 90°corner (time lapse 164 s). Reprinted with permission

from [24]. Copyright 2003, American Institute of Physics.
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Figure 20. Top view of an output resistor geometry obtainpdrforming shape
optimization,made ofchromium resistors (in gy) and gold connectors (in yellow). The
experimental temperature profile along the cavity shows a linear dependence of the
temperature with #hxaxis.
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Using this resistor patternanother phenomenon has been emphasized ebya 8t al. [28]:
thermomechanicagffecs due to PDMS dilation with increasing temperature. The authors present
studies of pancakkke shaped bubbles in a HeBhaw cell, submitted to a temperature gratj2f].
Undersuch a confinementhere are mainly two competing mechanisms arising from the temperature
gradient: thermocapillarity, and the thexhdilation of he PDMS cavity (Figure Z4)). A theoretical
model predicts the cavity dilation to be the dominant effect, which happens to be in excellent
agreement with experimental results, inducing a bubble motion toward the cold region of the cavity.
According to this study, Selvat al. [30] report a method for bubble and droplet displacement,
switching (Figure 216)) and trappindgobased on a #grmomechanical effect. This technique presents a
high level of integration with low applied voltage (~10 V) and low power consumption (<0.Zhg
work clearly highlights for the first ime competing phenomenavolved in microfluidics when
changing the temperature.

Figure 21 (a) Sketch of the competition between thermocapillary and thermomechanical
effects on bubble migration. Reprinted with permission frdif];[ Copyright 2011,
American Institute of Physicgb) Images of a 300 un diameter bubbles inside a switching
device: (eft) without actuation, andright) with a 4 €/mm temperature gradient.
Reprinted with pernsision from B0]. Copyright 2010, Royal Society of Chemistry.
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In order to generate a temperature gradient, copper blocks can also be integrated within a
microsysten. Rosset al [17] described such a systamwhich a temperature gradient is generated for
TGF purposegsee Section)5 The device consists of two copper blosksto different temperatures
in order to gen@ate a temperature gradient across a 2 mm gap microfluidic channel (Figure 22). The
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system is based on TGF, where temperature gradients of 25 €/mm are produced by thermally
anchoring a thirpolycarbonate microchannel chip to alternately heated or coolguec blocks. The
technique is demonstrated for a large variety of analytes (fluorescenadyae,acids, DNA, proteins

etc) and is capable of more than 10€0@ concentration of a dilute analyte.

Figure 22 Schematic drawing of the Temperature GeatliFocusing apparatus. Reprinted
with permission from46]. Copyright 2002 American Chemical Society.
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An interesting technique of embedded heaters is report&tigojo et al.[43]. The authorsised a
silver-filled epoxy (EpoTek H20S, Epoxy Technologythat can beinjected and solidified in a
microfluidic chip, n parallelchannes geometry Applying an input current, both sides of a microchannel
were heated by Joule effect. Depending on the geometry of the channels, eitreemti@ of a
temperature gradiellEigure 23(a)) othe maintenance of a constant temperatiigure 23(b)) can be
achieved. This approach presents a fully embedded technique to control temperature, and permit:
working continuously fron25€C to 75 € in a PDMSbasd microfluidic (accuracy 2i 3 C ). In the
transient regime, theemperature increases withiniD s and reaches a stable value in less than one
minute. A thermocouple in contact with a thin glass cover slip was used to measure the temperature
Authors could finally obtain the temperature of the strip by taking into account the thermal
conductivity, thickness and cresectional area of the glass slide

Figure 23. (a) Plot of the émperature along the channel surrounded by channels\illied
an epoxy (b) A schematic view of device that is able to create a constant temperature.
Reprinted with permission frord8]. Copyright 2010, Royal Society of Chemistry.

(b)

(a) 60
T(°C)
30

T ~ const

This technique can be combined wiitie pre-heated liquid technique as reportadVigolo et al.[79]
for thermophoresis studigsee Section 5. The authors desdre a methodor selective driving of
particles towards eithehe hot orthe cold side by adding specific electrolytes to their initial solution.
The authors usd a microfluidic device where temperature gradiemése established by combining
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pre-heated kjuid or epoxy resistors on either sides of the microchaix@eriments bring into play
the use opolystyrene beads of 477 nm in diameter in the presence of 100 mM NacCl with a flow rate
of 0.01 L/min, and show the accumulation of partiadethe cold side bfluorescenceneasurements.
Temperature gradient can also be used to generate natural convection for mixing pRguses.
and homogeneous mixing is difficult to achieve in microsdalgeed, even if diffusion processes are
favoredin miniature fluidic systemsa pure diffusionbased mixing can be very inefficient, especially
in solutions where macromolecules have a diffusion coefficient several orders of magnitude lower than
that of most liquids. However, micromixing in chambers remaimslenging even though many
in-line micromixers have been developed and successfully demonstB&8d].[ Kim et al. [33]
presenéd an effective technique that enables micromixing in a microfluidic chamber without using a
pump. By using natural convection in conjunction with alternateating of two heaters (Figure 24
efficient micromixing is achieved. Heaters are made in a BBy formed by a liftoff process,
whosedimensions are typically 20 nm/100 nm in thickness. Fluorescent microbeagmali8meter

1/2
were used as flow tracers to measure the flow speed at steady state. Standard de‘vﬁﬁt'rdh))z)

was used to determine the degret mixing in the chamber, where | is the normalized intensity of
eachpixel.

Figure 24. Natural convectiod r i ven pows aid) Flaw t@jbctomed efr . (

p u o r emsiccopantitles taken for 35 s. Measured maximum temperatures, Tmax, in (a) to

(d) ae 52, 51, 46, and 50 €, respectively. The yellow arrows indicate the gravity direction,

and the white arrows depict the pow directic
diameter. Scale bar, 1 mm. Reprinted with permisiimm [33]. Copyright 2009 American

Chemical Society.

4. ElectromagneticRadiation

Up to now, we have seen that temperature control can be performed either in an external way or by
integrating heating resistors both cases, heat diffuses from a source towards the liquid of interest.
This section is devoted to techniquase to heathte liquid in the bulkj.e., without usinga thermal
source

4.1. Microwaves

Microwave dielectric heating is a fundamentally different approach because of its preferential
heating capability and necontact delivery energy. Induced and intrinsic dipole moments align
themselves with a timearying electric field (from 3 to 20 GHzThe energy associated is viscously













































