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Transient Liquid Crystal Thermometry of
Microfabricated PCR Vessel Arrays

Ajit M. Chaudhari, Timothy M. Woudenberg, Michael Albin, and Kenneth E. Goodson

Abstract—Polymerase chain reaction (PCR) using microma- speed cycling is orders of magnitude less than for conventional
chined structures promises improved temperature uniformity PCR systems based on multiple vials. Because the microfab-
and cycling time together with decreased reagent and sample \jcaia4 array can occupy a smaller volume, the temperature
volumes. Thermal design of these structures will benefit from if . h lts f i heai f th
measurements of the temperature distribution in the reacting nonun' ormity _t at resuits from nonun'_orm eating of t e.
liquid. We report measurements of temperature uniformity and  chip or nonuniform thermal contact resistance between chip
time constant in a microfabricated 18-vessel array using encap- and heater can be significantly less, and the speed at which
sulated liquid crystals suspended in the liquid. Separate sets of these nonuniformities decay is dramatically faster. The high
crystals are used to image temporal and spatial temperature | o4q ot \yhich samples can be cycled is also an important benefit
variations near the processing thresholds of 55 and 95’ C with a . . . .
resolution of 0.1°C. While the thermometry technique developed ©f microfabricated PCR vessel arrays. This results in part
here is particularly useful for characterizing microfabricated from the smaller sample size, which allows faster changes in

PCR systems, it can also aid with the thermal design of a broad temperature for a given power and strongly diminishes the time

variety of microfluidic devices. [330] required for those temperature changes to propagate through
Index Terms—Design, liquid crystals, microfabrication, mi- the sample. The increased cycling rate results also from the
crofluidic, polymerase chain reaction, thermometry. use of silicon rather than plastic to contain the samples.

The plastic tubes in conventional PCR systems contribute a
large thermal resistance, which strongly impedes heating and

I. INTRODUCTION - “
] ) cooling of the samples. The tube has a thermal conductivity
I N THE LAST decade, the polymerase chain reaction (PCR)¢ is significantly less than the water-based contents and is

has become an important tool in biomedical research fQg,y three orders of magnitude less than that of silicon.
the replication of DNA. Recent advances include real-time jthough microfabricated PCR vessel arrays offer the pos-
detection of PCR, which allows situ optical interrogation of gjyijity of improved temperature uniformity and reduced time
the amplification process and offers the potential for greatgfnstant, these can only be achieved through careful thermal
control and reproducibility [1]. Another major advancemenfegign and validation. The transient temperature distribution
which is the_subject_ of current research, is the regllzatl_qﬁ the array depends strongly on the placement of the heat
of PCR in microfabricated vessel arrays [2]-[5]. While thig, rce on the vessel array and the thermal characteristics of the

approach prqmises improyements in the time and sam unting and packaging for the microfabricated structure. The
volumes required for PCR, it also poses challenges for ther 18bortance of temperature uniformity and thermal design of

design that have not been addressed. This manuscript identiﬂﬁg ofabricated PCR systems is demonstrated by preliminary
these challenges and presents solutions in the areas of ther&r& taken as part of the current study. A standard dilution

monhellng ?nd _therr?ome_try. PCR | . icrof series of g-actin is performed using three different sets of
_'he realization of miniature VESSEIS using micro at’[)émporal temperature plateaus (Fig. 1). For the optimal set
rication technology offers several advantages compared otP temperature plateaus [Fig. 1(b)], the agreement of the

conventional PCR techniques in use today. Aside from tI?I‘ﬁorescence data taken for the inner and outer vessels demon-

S|gn|f|cgnt COSt. benefit which results from thg 'Igwer reag.egfrates the best consistency within the array. The temperature
use, microfabricated arrays offer the possibility of majo

) ts in t t formi d th | i rﬁonuniformity of the device is estimated to k®.5°C during
Improvements In temperature uniformity an ermal img, plateaus. When the plateau heater temperature is below the

constant. Because of the smaller heat capacity of the vessel 8€9mum value [Fig. 1(a)], the warmer of the pairs perform
the reagents, the amount of power necessary to perform h'% tter as indicated by a higher final signal or earlier initial

_ , _ rise. When set above optimum [Fig. 1(c)], the colder of the
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Fig. 1. Cycle plots for a standard dilution of human DNA. Initial concentration of DNA molecules is 6000 copies#l. The vessel array used in this

set of experiments was similar to that shown in Fig. 2 except that each vessel had a capacity afl@ving only eight vessels to fit on the chip. The

assay is for thes-actin sequence. The plots show the results for three different temperature cycles. The individual samples are arranged on the chip such
that one sample of the replicate pair is on the outside edge and one is on the inside. A top view pfl tres$&el array showing the locations of the two
samples is inset in each plot. The outer ones (slightly colder vessels) are plotted with solid lines, while the inner ones (slightly hotter e/gdsiés) aith

dotted lines. (a) The plots show that when the cycling temperatures are too low, the hotter inner vessel performs better, as determined by ital earlier in
rise or higher final signal. (c) When the cycling temperatures are too high, the colder outer vessel performs better.

differences in replication, the reliability and repeatability ofor microfabricated PCR systems. Although thermocouples
PCR across the different vessels of the array are compromisaad electrical-resistance thermometers can be attached to the
Thermal simulations are required to develop a vessel galicon die or inserted in the vessels, they can dramatically
ometry and packaging that improve temperature uniformitghange the temperature distribution in the microfabricated
and thermometry is required to demonstrate that it has bemmnay. While this problem can be overcome by patterning
achieved. The problem of thermometry is particularly chaficroscopic thermocouple junctions and electrical-resistance
lenging, since there is no technique that is ideally suiteat diode thermometers directly on the silicon die, these small
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Fig. 2. Schematic of a micromachined silicon reaction vessel array for PCR. The top side (left) is sealed with 0.5-mm-thick Pyrex glass (not shown)
through which TLC thermometry is performed. The working fluid is loaded through the square ports on the bottom side (right). The silicon component
of the array (shown) has overall dimensions 11.0 nym11.2 mm x 0.7 mm.
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Fig. 4. Experimental apparatus for temperature mapping. The image of the

‘ TLC-filled vessels is passed to the digital effects generator, which adds an inset
() (b) with time and temperature from the PC screen. The PID controller converts
the thermistor resistance value to temperature.
Fig. 3. Schematic of a single vessel showing the dimensions. (a) The top
view shows the sizes of the loading and vent holes. The Pyrex glass plate
shown in (b) is bonded to the silicon chip to seal the vessel on its top Siqf*cal

All dimensions are in millimeters properties that are strongly sensitive to temperature

within ranges specific to their chemical composition [6], [7].

. . Within the sensitivity range of a given TLC, the wavelength-
thermometers yield temperature data only at a few discrete L . .
pendent reflectivity varies strongly with temperature and

points or lines within the system. Moreover, the use qQ q ¢ ; ture d q fth t col
aluminum lines on the inner walls of the vessels is ndf@uces astrongtemperature dependence of the apparent color.

viable as metals inhibit the reaction. Infrared thermometry will"€ color can be quantified through the hue, which can be

only provide information about the surface temperature of tf&librated. Although these crystals are most commonly used

infrared-absorbing glass cover, which can differ substantiaigr thermometry of dry surfaces, they can be suspended in
from that of the reagents. liquids when encapsulated by a protective polymer. This work

This work proposes a technique for measuring temper@escribes measurements in which the crystals are loaded into
ture fields in microfabricated PCR vessel arrays using théhe liquid in microfabricated PCR vessel arrays and used
mochromic liquid crystals (TLC's). TLC's are a class ofto observe temporal and spatial variations in temperature.
organic chemicals, usually cholesterol derivatives, with opifter inserting TLC's in each vessel, the temperature of
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the vessels is cycled in the same way as it would be ftre vessel array, other interface materials are also placed
PCR, and the hue changes are recorded. The data reshdtween the array and the thermoelectric module to reduce the
ing from this study confirm that the studied microfabricatetksistance to heat flow. The materials used in these experiments
PCR system can shorten cycling times and provide adequate thermally conductive silicone grease and a thermally
temperature uniformity. While the thermometry techniqueonductive plastic pad. Two different plastic clamps hold down
developed here is particularly useful for PCR vessel arraybge silicon vessel array, with contact surfaces which engage the
it offers benefits for thermometry and flow visualization in #op four edges of the vessel array (see Fig. 5). The smaller
broad variety of microfabricated fluidic systems including mielamp has a total contact area of approximately 5.62mm
crochannel heat exchangers, thermally actuated microvalvesile the larger clamp has a contact area of approximately
and electrophoresis-driven pumps. 18.6 mnt. While the clamp with the larger contact area is
Section Il describes the experimental apparatus includisgnpler to mount, it augments temperature nonuniformities
the thermochromic liquid crystal system and its calibratiosince the clamps are effectively at room temperature. Due
Section Il also describes the experimental procedure, the deterthe variability of the mounting procedure for the smaller
mination of the time constant, and the results of finite-elemeciamp, however, the contact area for that clamp could vary
modeling. Section Ill discusses the results of the experimefig approximately£50%. To provide an adequate clamping
and their implications for the thermal design of the microfaldferce, four screws with springs push down on the corners
ricated PCR system. Section IV provides concluding remark$ the clamp. An important goal of the present work is to

of general relevance for a microfabricated PCR. determine the impact of the simpler clamping method on the
temperature uniformity in the vessel array and to determine
1. EXPERIMENTAL APPARATUS AND PROCEDURE if it will yield appreciable degradation in the rate of false

The main components of the experimental apparatus gr%smve measurements using PCR.

the microfabricated PCR vessel array and the thermochromic
liquid crystals used for thermometry. This section also d

scribes a method foin situ calibration of the liquid crystals o
as well as the methods for clamping and controlling the Thermochromic liquid crystals (TLC's) are a class of or-
temperature of the vessel array. The temperature differeri@hic cholesteric molecules which exhibit an intermediary
between the TLC's within the vessels and the heat sourcePf3ase between the solid and liquid states. While in this phase,
used to determine the time constant. This approach uses Hb molecules have a reflectivity that is strongly wavelength
closed-form analytical and finite-difference thermal conductidiPendent. The wavelength of maximum reflectivity decreases

€. Thermochromic Liquid Crystals

calculations. with increasing temperature within a range specific to the
chemical composition, which can be customized. After they
A. Micromachined Silicon Vessel Array have been encapsulated by a nonreactive polymer, beads of

TLC’s can serve as long-lasting coatings for surface ther-

The arrays used in these experiments, shown in Fig. 2o ety or as neutrally buoyant temperature and/or velocity
contain 18 vessels in a8 6 array configuration. Each Vesseharkers in a fluid [6], [7], [9]-[11]

is equipped with a 0.% 0.7-mm hole for manually filling the ;¢ \york with TLC's has used them in solid surface
vessel with liquid as well as a smaller vent hole to allow aj{,5ings. Accurate visualization of surface temperatures is
to escape durlng filling (see Fig. 3). Each vessel ha_s a \{qlu ieved through the use of uniform coating thickness above
of 2 ul. To fabricate the vessel array, a 0.70-mm-thick 5|I|cog black base paint as well as uniform lighting intensity. By

Wafer is an|§troplcally etched to yield 0.5-mm-deep wells aft_%rigitally acquiring and analyzing these images, it is possible to
which the fill and vent holes are etched from the 0ppOSiig,ermine the temperature distribution at the surface and, given
side. A 4000A layer of thermal oxide is then grown on the,, injependent measurement of the heat flux, the local value
etchgd surfaces of the vess_els. The final step in Processing I§dthe heat transfer coefficient [8]. Painting the surfaces inside
anodically bond 0_.5-mm_-th|ck Pyrex glass to create a celling microfiuidic device before final assembly is not feasible

for the vessels with optical access. Once the liquid has ber?&:ause TLC's cannot withstand the high temperatures or

added to the vessel array, an acrylic-based adhesive tape thahis s onic vibrations necessary to bond the glass to the silicon.
compatible with PCR chemistry is used to seal the vessels [ﬂoreover, it is important to be aware of any temperature

. nonuniformity between the center and walls of the vessel,

B. Mounting and Temperature Control which cannot be determined from the surface temperature.
The vessel stage consists of a thermoelectric module, heaBome researchers have used neutrally buoyant encapsulated

sink, and additional aluminum plate to provide even heaflC’s in liquids to visualize temperature gradients and fluid
ing. A bead thermistor is glued to the top of this plate teotion. These experiments have all focused on natural convec-
measure temperature. Both the thermoelectric module am@h in experimental vessels having volumes larger than one
the thermistor are connected to a temperature controller farbic foot [10], [11]. In these experiments, TLC-filled liquid
active proportional-integral-derivative (PID) control of thewvas placed in clear plastic box-shaped vessels with heating
plate temperature. This temperature controller is connectedoto one vertical wall. In this way, the TLC’s can be viewed
a PC and operated using a custom-designed interface (Fig.atjainst a flat black background by focusing the light on a plane
In addition to the acrylic-based clear adhesive tape to sedlliquid oriented normal to the viewing direction. When using
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Fig. 5. (&) Section views of the small contact-area clamp and (b) large contact-area clamp. All dimensions are in millimeters. The increasedacmtact s
of the large clamp and extra thickness near the contact surfaces allow larger heat flux to the clamp.

TLC in situ, however, a flat black background often cannot b&el array. The use of two fibers reduces the importance
readily imposed, therefore, much more reflected backgrouafi shadows, while the angle provides the best signal-to-
light is present. As a result, TLC capsule concentration canrmckground ratio. Preliminary experiments determine that the
be increased to increase color saturation, as background lighé of polarized light and a polarizing filter do not improve
reflections make the capsules appear white. The concentratitres signal-to-noise ratio significantly, such that these are not
that provide optimum color response do not make a continuowarranted in the experimental system. A stereo microscope
color map, but rather a constellation of points of color. Becausehieves the necessary magnification. An instrument-grade
of these problems, image analysis by computer is impracticablor video camera captures the images on video. Another
However, once calibratenh situ, TLC’s can provide quanti- video camera and a digital video effects generator provide a
tative thermometry data for the entire temperature distributioeal-time inset (picture-in-picture) with time and temperature
at once as represented by a hue map. to the image of the reaction vessels. In this manner, it is pos-
In the present work, two formulations of crystals are ensible to examine the videotape in slow motion and determine
ployed for suspension in liquid in the microfabricated PClhe temperature lag while ramping up the heater temperature.
vessel arrays (Hallcrest, Chicago, IL). The first formulation hamages are captured from the video for temperature uniformity
an operating temperature range of approximaté® éentered analysis. Using this equipment configuration, it is possible
about 55C and is used to study the temperature distributido determine the temperature uniformity between the vessels
during the PCR annealing step. The second formulation h@stervessel) and within vessels (intravessel) for both transient
an operating temperature range of approximatély 2entered and steady-state cases.
about 95C and is used to study the temperature distribution
during the denaturation step of the PCR process. The lower
temperature liquid crystals are slightly denser than water afe Calibration and Uncertainty
sink to the bottom when loaded in the vessels. The higherSince the images obtained from any TLC experiment depend
temperature crystals, on the other hand, are slightly lessnsitively on the illumination technique and the properties
dense than water and float up at the ceiling of the vesseai$. materials throughout the optical path, it is essential to
While this complicates comparison of the data obtained micreate the experiment as closely as possible during the
the two temperatures, these differences in density allow tbalibration procedure. For this reason, calibration is performed
temperature uniformity to be gauged independently at the flagii the TLC'’s in the microfabricated vessel arrays under nearly
and the ceiling of the vessels. steady-state conditions, during which the array can be well
approximated as isothermal. The temperature of the vessels
during calibration is measured independently using a ceramic
bead thermistor of a diameter of 0.25 mm and length of 1 mm,
The illumination and videotaping methods are critical tavhich is inserted directly into the liquid in one of the vessels
timing the color changes of the TLC's and to achievingear the center of the array. The impact of heat losses along
reproducible results. Two optical fibers oriented at 3®m the leads on the temperature reported by the thermistor has
horizontal on opposite sides of the stage illuminate the vdseen determined to be negligible using a fin analysis. During

D. lllumination and Imaging
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calibration, images of the PCR vessel array are captured fates. Oncé is plotted as a function gf, the time constant is
15 temperatures within the active range of each of the tvgiven by the slope of the linear regression linéqfis assumed
formulations of crystals. Images from experiments can thém be independent of the time constant (2).
be compared to these charts to determine the experimentdror completeness here, it is useful to note the theoretical
sample temperature. relationship between the parameters in (2) and the resistances

In the absence of a computer-based data interpretation(1). The heater-vessel temperature difference is
system for measurements of hue, which is not provided in R
the present work, the uncertainty in measuring temperature o= —>
using TLC is governed by the human ability to distinguish Ry + Ry
between shades of color corresponding to adjacent temperatutiel can be understood as the difference that would be achieved
steps. At the upper parts of the range, i.e., in the purpleder steady conditions if ramping were terminated. The time
region, the resolution error of the TLC becomes the domgonstant is
nant factor, as the color may appear unchanged oveéiC0.5 R R2C

. . . . 1415

To avoid this region, measurements are taken when in the T= 4)
blue region or below, where the color response resolution (i + Rz)

is 0.I°C or better. Over the range within which the TLCand characterizes the lumped-capacitor response of the vessel
were used, the uncertainty is approximatei.1°C. Another array to changes in heater or ambient temperature (e.g., [12]).
significant source of error results from the contribution of The model developed in this subsection relies on several
the thermistor used for measuring liquid vessel temperatyigsumptions. First, it is assumed that temperature variations in
during the calibration. The thermistor uncertainty is 00%or  the vessel array are small compared to those between the array
measurements of temperature changes. Together with the ol both the heater and the ambient. This is strictly valid when
uncertainty components, this yields an overall uncertainty @fe thermal resistances within the silicon and liquid regions in
+0.11°C for the measurement of temperature differences iRe array are small compared to the resistance between the sili-
the microfabricated PCR vessel array. The technique used ¢oh and the ambient, which is governed by conduction through
measuring the time constant requires only the measuremgi# Pyrex ceiling, and the resistance between the silicon and
of the temperature difference between the heater and samgie. heating element, which is governed by conduction through
The uncertainty in calculating the time constant is influencefle interface material. While this criterion is well satisfied for
by the £0.11°C uncertainty due to temperature measuremeriye silicon regions due to the large thermal conductivity of
which, given the ramping rate for the temperature, results fis material, the thermal resistance of the liquid cannot be

(,Th - Too) (3)

a time constant uncertainty of less th#0.13 s. neglected. To determine the impact of the liquid resistance on
the validity of (2), we perform here a transient finite-element
F. Determination of the Thermal Time Constant simulation of heat diffusion into a single vessel. The silicon

For transient measurements of the vessel array time cdfglls of the vessel are modeled as isothermal boundaries, with
stant, the temperature lag between the heater and silicon ve&§epnforced temoperature boundary condition which increases
array is measured as a function of the ramp rate. If it [91€arly at/3 = 2°C/s from ambient to 33 above ambient.
assumed that the vessel array behaves approximately a&t41€ beginning of this time step, the water and silicon have
lumped thermal capacitor, then the equation governing th&tniform temperature, s is zero. Heat transfer within the

temperature is given by vessel is mo_dele_d as conqluction through \_/vater pnly _because
free convection is determined to be negligible in this case

C@ _ho-1 T - T (1) using experimental correlations [13, p. 542]. In addition, the

dt Ry Ry influence of TLC patrticles is considered negligible because

they comprise less than 2% of the solution by volume.
Fig. 6 shows the maximum and minimum temperatures of
e vessel model. The maximum temperature occurs at the

where T, is ambient temperaturel,, is the vessel array
temperature, andj, is the heater temperature. The Iumpegh

thermal capacitance of the vessel arrayisand R; and R, - . L
P yis ! 2 silicon boundary, while the minimum occurs at the center of

are the thermal resistances between the heater and vessel gjra S
. . . % %Iass boundary. After the initial increase of the temperature
and ambient, respectively. By assuming that the measuremedm

. " erence in the first 3.0 s, the plot shows that the difference
are being taken after subjecting the heater temperature 1Q . . )
. . between maximum and minimum temperatures increases only
a constant ramping ratg for a time much longer than

. . 0.0Z2C over the 13.5-s duration of the simulation. This dis-
the time constant, the heater-vessel temperature difference )
6 = T, — T, is given by Crepancy results from the fact thgt the temperature difference
is also a weak function of the difference between the heater
0=0y+78 (2) and ambient air. However, this effect is so small that it is
insignificant in comparison to the resolution error of the liquid
wheref is the steady-state temperature difference between thgstals, which is+0.11°C and discussed in Section II-E.
heater and vessel. Therefore, at any time much longer than Terefore, the method of measuring effective time constant
time constant, the measured temperature difference will bausing (2) is deemed appropriate. As the temperature of the
function of the ramp rate. The imaging system described veater rises, the entire temperature distribution is essentially
Section 1I-D is used to capture data férat different ramp quasi-static, so (2) will give a reasonable estimate of the time
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vides a nearly uniform thermal contact resistance between
the temperature controller and the silicon die. The choice of
clamp and interface material strongly affects the temperature
uniformity. Fig. 7 shows that at the threshold temperature of
95°C, the clamp with the smaller contact area, 5.6 inm
yields temperature variation among the vessels of less than
0.3°C. In contrast, the clamp with larger contact area, 18.6
mm?, yields variations that exceed O® near the same
threshold temperature. Fig. 7 also shows that the shapes of the
Fig. 6. Predictions from the transient 3-D finite-element simulation of temperature distributions are substantially different, with the

single vessel sque_cting toa transient,_positive, temperature ramp at the @t8aller contact area clamp yielding a more radially symmetric
of 2°C/s. The thin line denotes the maximum temperature which occurs at

the . . . . .
silicon wall, where a linear rising temperature boundary condition is enforce(a'.smbuuon' This suggests that heat losses from the side Wa_”S
The thick line denotes the minimum temperature, which occurs at the cenBrough paths other than the clamp, such as natural convection

of the glass ceiling, where a convection boundary condition is enforced. Aftghd radiation from the side walls and conduction into the
the initial growth, the difference remains essentially constant throughout th

simulation fromt — 3 s tot = 16.5 s. aluminum heat sink, are dominant for the clamp with the
smaller area, while losses through the clamp are significant

) _ _ ~ for the case of the larger contact area. This hypothesis is

constant (i.e., the most conservative one) if the minimugpnsistent with the fact that the temperature controller must
temperature is chosen. Effectively, the finite-element modgé maintained at a higher temperature for the case of the
shows that it is valid to lump the “floors” of the silicon vesselg|amp with the larger contact area to achieve a similar spatially
into the resistanc&; and predict the time constant on the bas'éveraged temperature rise in the vessel array. The larger

that the water contains most of the capacitance of the systef§ntact area reduces the thermal resistance between the die and

the ambient temperature through its impact on the path through
IIl. RESULTS AND DISCUSSION the clamp, which necessitates a higher temperature setting

The purpose of this section is to illustrate the usefulneat the controller for maintaining the die temperature near
burp 3 °C. This explanation is also consistent with the observation

of the suspended encapsulated liquid crystals for ther .
diagnostics through results for the microfabricated PCR systnéﬁﬁat the clamp with the larger contact area becomes much

described in Sections Il-A and B. This section also aims yarmer during the experiment than the clamp with the smaller
provide specific information for fhe example system abolif ntact area. . .
In all cases, the clear acrylic tape of thickness near 0.05

the impact of the materials and geometry used for mountin

the silicon die on the temperature uniformity and the tim'(;f%lm is used to seal the vessels. In two of the ftrials, no

constant. Table | summarizes the results for the experimen(%tsher interface material is used, while in others a thermally

The experiments show that the PCR vessel arrays can prov?(?ndUCtlve pad or silicone grease is used. The clamping

te§hnique with larger contact area is used in these experiments.

the temperature un_|form|ty_and temp(_)ral response requ_wEIg_ 8 shows that the cases of no additional interface material
for improved PCR if care is taken with the clamp config-

and of greasing allow for temperature uniformity of GC3or

uration and the choice of interface material. The clampi : .
. . . . tter. When using the thermally conductive pad, however,
technique and choice of interface material are both shown 10 . . o .

the intervessel temperature nonuniformity is as high as@.6

rongly influen he intervessel and intravessel temperatyl. ; . : o2
3tn§o?rr)1/itiesue ce the intervessel and intravessel tempe at%ﬁ%ce the interface materials add varying contributions to the

thermal resistance between the temperature controller and the
silicon, they affect the offset of the vessel temperature from
the heater temperature. Using tape only results in the smallest

Experiments are performed while varying both the clampifset, between 14C and 1.6C at the threshold temperature
contact area and the interface material between the silicoh95°C, while the thermally conductive pad results in the
chip and the aluminum plate. The interface material prdargest offset, between 22 and 2.8C.

35 + TABLE |
SUMMARY OF RESULTS FOR EXPERIMENTS INVOLVING
AT='| 46 VARIATION OF THE INTERFACE MATERIAL AND THE CLAMP
30 + Center (min) Clamp Interface Non- Non- Time
—— Corner (max) Material Uniformity  Uniformity Constant

%) at 55 °C at 95 °C (=0.07s)
e Large contact area Acrylic sealing 02°C 0.3°C 023s
= (18.6 mm?) tape only
@ Uneven 0.3 03 0.14
'g greasing
© Even greasing 0.3 0.3 0.21
9 Thermally 03 0.6 0.77
o conductive pad
® Small contact area Thermally 02 0.4 0.69
@ (5.6 mm?) conductive pad
=
o
=1
=}
&
]
o
£
[
'_

| |
1

O h o T T T T
0 3 5 10 15 16.5 20

time (s)

A. Measurements of Intervessel Temperature Uniformity
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Shetorea] e b
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Fig. 7. Temperature profiles of silicon arrays under different clamping configurations. (a) Large contact-area clamp and he&ter @1)%ndall contact-area
clamp and heater at 93.@. The two configurations require different heater temperatures to keep the liquid in a similar temperature range.

7
o £

B. Measurements of Intravessel Temperature Uniformity ~ The larger clamping area with the thermally conductive pad
sults in intravessel nonuniformity as high as°@6in the

Variations of temperature within vessels can affect tHES!
ripheral vessels that are closest to the clamp, as shown

uniformity with which reactions reach completion for a glvelfl) Fig. 8(d). The small clamp with the same pad results

set of reagents and, therefore, influence the precision of ﬁﬁeintravessel nonuniformity of less than 0@ as shown
PCR process, as discussed in Section I. For all interface gdiq g(e). These observations support the conclusion that
clamp choices described in Section I1I-A, the temperature URjie intravessel uniformity is best at the center of the array,
formity within vessels near the threshold temperature 6055 \hile the outer vessels have some three-dimensional (3-D)
appeared to be better than 0C3 as shown in Fig. 8(f)—(). The nonuniformity because the clamp contacts the array at the top
uniformity near the threshold temperature of @5in contrast, and sinks heat. This effect is much more pronounced for the
appears to be significantly affected by the clamping methathse of the large contact area, since this causes more heat
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C. Time Constant

As discussed in Section II-F, the thermal time constant of
®) the PCR system can be estimated by comparing the difference
between the vessel array and heater temperatures at a given
instant in time near the middle of a ramp in temperature. Fig. 9
plots the temperature difference as a linear function of the ramp
rate and, therefore, has a slope equal to the time constant. The
legend shows the calculated values for the time constant for the
experimental cases. In all cases, the time constant measured
© using this method is less than 1 s. When using grease or no
extra material at the interface, the time constant is always less
than 0.25 s, while the thermally conductive pad increases the
time constant to more than 0.75 s. These trials all use the large
clamp. Regardless of the choice of interface material or clamp,
the time constant is always less than 1 s, which is less than
(M the time the temperature controller used in this experiment
requires to stabilize at a target temperature.
The uncertainties in the calculated time constants shown in
Fig. 9 can best be explained by the variability of the interface
9.8 / thermal resistance. Differences in clamping force, amount of
. grease, or the bonding of the adhesive tape could result in
) @) changes in the interface resistance which would show in the
: time constant. For the case of the small clamp [Fig. 9(b)],
j additional error may exist due to the difficulty in seating
the clamp consistently, a problem which is very difficult to
/9‘2592'2: guantify into an error term. This additional error partially
( — explains the appearance of nonlinearity to the curve. Beyond

1
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0 this possible source of apparent nonlinearity, the different

components of the system can contribute to nonlinearity of
response of the system. While all of the time constants for

N —192.4 .

e —54.3 the heater, silicon, water, glass, and clamp have been lumped

Fig. 8. Steady-state temperature field isotherms for different experime I{;.to ‘,me estlma_ted tlme constant, In reahty ,eaCh component

The captions denote the interface material and heater temperature. (a) its own unique time constant. Depending on the ramp

extra interface materials, 93.8. (b) Greased at lower left corner, 93®. rate, the effect of the time constant of each component on

(c) Even greasing, 93€. (d) Thermally conductive pad with large clamp, ; ; ; ;

95.0°C. (e) Thermally conductive pad with small clamp. 9209 (f) No extra the calculated estlmate_wnl be different. Howe\{er, using the

interface materials, 54°€. (g) Greased at lower left cormner, 534G, (h) Even Water temperature provides the most conservative estimate of

greasing, 54.5C. (i) Thermally conductive pad with large clamp, 54% (j) the time constant for the entire system.
Thermally conductive pad with small clamp, 534G

(e)

to be drawn from the array and augments lateral temperature IV. CONCLUSIONS

gradients. These thermometry experiments show that for the micro-
It is useful to comment on the uniformity of temperaturéabricated vessel array in Fig. 2 and a variety of clamping
within the arrays during rapid changes in the die temperaturaethods and interface materials, the temperature variation
which is qualitatively observed during the ramping experamong vessels is less thariClL and the time constant is
ments and was predicted using the modeling at the endle$s than 1 s. The large-contact-area clamp drew a significant
Section II-F. According to heat diffusion theory, the timdraction of the power from the vessel array and resulted in a
required for isothermal conditions to be achieved within gelatively large temperature nonuniformity and a larger time
stationary region is comparable tb?/«, where L is the constant. The temperature nonuniformity was where the clamp
characteristic dimension of the region andis the thermal contacted the array. A possible improvement to the clamping
diffusivity. Using L = 0.5 mm anda = 1.5 x 107 m?/s for problem could be to add undercuts or corrugate the surface to
the liquid water region in a single vessel, it can be estimategduce the contact area.
that the temperature at the center of the vessel lags behindhis work shows the promise of fluid thermometry in mi-
that at the walls by approximately 0.2 s, which is consistentomachined structures using immersed liquid crystals. Liquid
with the experimental observations and with the more detailedystal thermometry can be performed with relatively modest
modeling. This simple order of magnitude estimate is usefuistrumentation and without costly one-time modifications to
for determining the impact of the vessel dimensions on tlilee micromachined structure. These are important benefits rela-
thermal diffusion delays and, therefore, on the residence tirtiee to thermometry using micromachined temperature sensors,
required at the threshold temperature. such as electrical-resistance thermometers and thermocouple
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Temperature difference (°C)

0.5
' -7 /, b -
il
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0 1 2 3
ramp rate (°C/sec)
+ sealing tapeonly ---- 1=0.2310.07s
4 unevengreasing --—-- 1=0.14%0.07s
= evengreasing - 1=0.21+0.07s
* conductive pad —— 1=0.77£0.07s
(@)
2.5

Temperature difference (°C)

0+ t t

0 1 2 3
ramp rate (°C/sec)

¢ smallclamp - 1=0.69+0.07s

* big clamp — 1=0.77%0.07s

(b)

Fig. 9. Temperature differences for different ramp rates. (a) Large cont;
area clamp with different interface materials and (b) large versus sm

clamping format with thermally conductive pad as interfacial material.

junctions. Although liquid crystals offer a limited temperatur@erkin-Elmer from the

(3]

(4]

(5]

(6]

(7]

(8]

El

(20]

(1]

[12]

bandwidth, the combination of crystals with different oper-
ational temperatures is an approach that is very well suited
for devices operating at threshold temperatures, including the

PCR devices studied here.
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