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Abstract

In order to measure the variation of temperatucesss a thermal gradient, an array of thermal gsrismeeded.
Such an array has the potential to aid scientistietermining the impact of temperature on thefregxnents and
could be used specifically in combinatorial chenyigtxperiments. Combinatorial chemistry is a mdthg which a
range of chemical reactions may be tested en nmasthss demanded an alternate way of measuringdeatyge.
The created array of sensors would sit underneatrray of reactions and to ensure that the teryreraneasured
is representative of the temperature of the reac@ls the device must thermally conduct. It atagst electrically
insulate to prevent electrical interference frorween individual sensors. The temperature sensarse were
surface-mount thermistors and they were solderéal @printed circuit board. The topography of hisited
circuit board could be acquired using reverse exgging. Using this file a 3-d image of a formifit lid could be
developed. This lid could then be made using rapidotyping specifically Selective Laser Sinterimigh
Duraform GF powder.
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1. Introduction

The purpose of this project was to accurately meatmperature across an array of individual chahn&actions
that are common in combinatorial chemistry. Thajgxt sought to create an array of thermal sertbatsvould
detect and record the temperature at 64 diffemaations. This information output to such a devécenportant
due to the role temperature can play in chemicadtiens.

Chemical reactions are oftentimes dependent on margbles related to their environment. One major
variable in this regard is temperature as ceractions will have different outcomes or even matyatcur
depending on temperature. Electrochemical reagtian be particularly sensitive to temperatunesistance in
any circuit depends upon temperature and this naiffect the nature of the material deposited a$ ageits form.

Measuring temperature is an easy task when deaiihga single chemical reaction at a time; howeirer,
many parts of chemistry there is a need to try nmgbinations of variables. One example is indbeelopment
of better catalysts to be used in creating funatigriuel cells. Platinum is known to serve as tlgat but more
and more often small changes to its chemical makeaight have an impact on fuel cell performance, so
combinatorial chemistry is being usedsrom this field stemmed the interest in creatimgdevice developed in this
project. In combinatorial chemistry rather thaingca single chemical reaction at a time, a systienaaray
operates multiple chemical reactions simultanectsiy example of the need to measure temperaturenfarray
of reactions is the investigations of Dr. Mike ZaiflArgonne National Labs. In his reactions thexest over
twenty variables including temperature that wifeat the geometric shape of the crystals that fisom the
reaction’ Temperature must be controlled and monitored. rdieioto fully investigate the possible phenomena a
thermal gradient is used. It can be easily crebyeffiowing water through an aluminum block as seetie figure
below.
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Figure 1: Layout of Aluminum Block Used to Credteermal Gradient
The sensor itself was intended to sit on top of tdock. Then the array of reactions itself cduddplaced on the
sensor. The sensor itself serves to then measomaerature at each individual reaction.

2. Methodology

The device is seen as consisting of two layers-thakecontained the electronics and another thaedeas a
protective lid. This layering along with the des/ie placement with regard to the aluminum block arrdy of
reactions can be seen in the expanded picture below

Figure 2: Exploded View of Array of Sensors

2.1. requirements of the device

The device must detect the temperatures experidncéue reaction of each cell in the 64 cell amdthin 3°C.

This implies that the materials in the device canhermally interfere with the heat transfer. Eaehsor must also
be isolated electronically so that the data ouipatcurate. The device must operate in a tempersénge of
-10°C to 105°C. It must also have a 3" by 3” faaipand evenly space the thermistors so they ctyreneasure
the temperature of the cell above them.

2.2. sensor selection

In order to measure temperature 64 thermistors imemeporated into this device. Thermistors weltesen as
they are small, stable and reliable sensors. énnese NTC (negative temperature coefficient) 30skirface-
mount thermistors with part number BC1551CT-ND lom website of Digi-Key Corporatidh Surface-mount
thermistors were chosen because they take upgase ®n a circuit board than thermistors than leddese
specific thermistors were chosen as previous egpeei has shown they function well, however, iftdraperature
range were to be changed another thermistors waaéd to be chosen.



2.3. electronics

To create the electrical layout for the sensoriatga circuit board was used. The basic circuitdusas a voltage
divider and is diagramed along with the relatearfola to calculate the resistance of the thermistoFsgure 3.

Figure 3: Voltage Divider with Thermistor and Accpamying Formula
Two schematics of the printed circuit board haverbgeveloped and these can be seen in Figurel8yodt for the
actual circuit board is in the process of beingadieped and will entail a board that is actuallgéarthan the 3"x3”
array so that only the sensors themselves are nedtr the array of reactions. This board woulddrected to a
Keithley 706 scanner was used with its 7064 Lowtafpt Scanner Card in order to cycle through théogreagnals
output by the circuit board and to transmit thdgeals to a computer. National Instrument’s progtaabView 7.0
is planned for to be used to process all the data.

2.4. processing

To create the upper portion of the sensor multgddniques were used. Reverse engineering wassosbat the
lid fit the exact dimensions of the circuit boahatt sat beneath it. In this process the surfaaddime scanned and
a file would be output in .stl format, which coulien be manipulated in computer programs. Thisgoweas then
modified so that a flat upper surface was creafidten the piece was built using rapid prototypimbich is an
additive building technique that creates partsidyelayer. Specifically Selective Laser Sinter{i&.S) would be
used with Duraform GF powder.

3. Discussion

There were three major considerations in the pmoésesearching how to create this device beybedrtinimal
operating criteria. The device must thermally amtidso that the thermal gradient created is expeeié by the
array of reactions. It must also ensure electiitallation between the thermal sensors so thdirrga are
outputted correctly. The thermistors themselves abeded to be replaceable in some manner sib tmet fails
the whole device is not lost. Overall the projectned itself into a two-part problem; the firstsvdealing with the
materials that would be involved in creating theide and the second was creating a functioningiititbat would
output the data. Of course integrated into theseproblems was the need to have a method to cifeaictual
device.

3.1. materials

One of the two major challenges within this projees the issue of materials. As it turns out hgnammaterial that
thermally conducts but does not electrically coidmeates a situation of competing needs basdtkisame
physical principle. In materials free electrons are what cause baihdmed electricity to pass through a material.
When a material is heated up and it has free elestithose in the warmer portion of the materiah ganetic
energy and move around at higher rates of spedidhay reach a cool part of the material. In tanner the heat
travels through the material. When an electribalrge is applied to a material, free electronsdaerted to (if it is
positive) or away (if it is negative). In this wayrrent can be created within a material or theera will allow
current to pass through®it.

Although heat is conducted primarily via electroavement, heat can also be transported by another
mechanism. Layers of the lattice structure itewdfy have waves created in it and these waves amgrkas
phonons. Heat may also be transferred via thesetstes, but not as efficiently as with free atmus.



This creates an interesting situation as one ex@sr@ach major category of materials. Metals fstaince
conduct both electricity and heat very well becatey have numerous free electrons. Ceramicsearerglly
insulators because there are not many free electmod their porous nature creates borders arourahwlectricity
must travel. However, generally these pores alefdied with air, which while static does not ail for easy heat
transfer. They are more likely to be able to tfankeat the more crystalline in nature they @&elymers consist of
long chaisr;s of bonded materials in specific wafs.such they do not contain many free electronsaaad
insulators:

3.1.1. rapid prototyping materials

Although materials demands were high it seemedylitteat at some point in the process the lid pieoeld have to
be rapid prototyped and as such it made sensetid apy of these materials would be feasible ®inghe end
product. These materials are generally plastibéciimplies they function very well as electrieald thermal
insulators, but there is variation depending onntlaehine used to produce the parts and some maotemeeven
use more than one material. The following tabls aated to distinguish the properties of the rateused in
the rapid prototyping machines owned by the MilweilSchool of Engineering by contacting the compsawieo
make the materials.

Table 1. Rapid Prototyping Materials and Theirgenties

Thermal Conductivity | Electrical Resistivity
Materia (W/m-K) (ohm-cm) Machine| Company Notes
Accura Sl 10 SLA 3D Systems  Plastic resin, natlii candidate
ABS .128-.19 1.00E+14-1.00E+1B6FDM Stratasys
Polycarbonate .19-.21 1.00E+15 FDM Stratasys
Polyphenyl-sulfone 0.3p 1.00E+15-9.00E+15FDM Stratasys
Duraform PA 0.2 3.10E+14 SLS 3D Systems| Polyamide
Duraform GF 0.5 2.00E+14 SLS 3D Systems| Nylon 12, 50% glass
Somos 201 1.50E+1BLS 3D Systems

It then had to be determined whether any of thesemals were good enough to be used in the corespy
developed. This seemed possible despite the peomtil conductivity as it was clear due to the sizéhe
thermistors the lid portion of the device couldveey thin. In order to determine if it could be aeahin enough
that one of these materials would not create asetemperature drop between the thermistors anddtual cells
themselves heat transfer had to be modeled.

3.1.2. mathematical representations of physicapprtes

As the actual nature of the thermal array was éstanl and the requirement for a lid structure wvlasified, it
became possible to mathematically attempt to apaltzat would happen physically for the device wébard to
heat transfer and electrical resistivity.

Even though the exact nature of the circuit baead not available the lid was modeled for the chose
thermistors with them all evenly distributed acras®'’x3” square. It was decided that the lid wolod2.5
millimeters thick which left a reasonable buffetween the thermistors and the array. With thisedigion in hand
it was then possible to calculate the temperatwp &fom one side of the lid piece to the otheewtbn’s Law of
Cooling (1) and Fourier’s Law of Conduction (2) wersed in tandem to determine the temperature drop.

Q=h* & DT (1)
é=k*ND—XT 2)

Since all heat into the system must exit the systesge formulas could be equated allowing for a
determination of the temperature at the bottomtapdf the lid. The coefficient of thermal conduity in



Fourier’'s Law of Conduction used was that of thaamal being considered, while the heat transfeffi@ent in
Newton’s Law of Cooling used was that of air. Thanipulation of these equations into form desiraad lce seen
below.

k
h* Tsur +;* Tbot :( h+§* -Eop ©))

With this equation at hand it was possible to piug surrounding temperature as well as the tenyera
within the gradient and find the given drop. Theeof temperature drop increased with increaspyjiad
temperature. The size of the temperature dropgakse with increasing surrounding temperature.c8igood
thermal conduction was desired calculations wereedwith the rapid prototyping material with thegast
coefficient of thermal conductivity, Duraform GRlsing a scenario where the surroundings were takée still
air at 25 Celsius and with Duraform GF in use itsvealculated that up to 88 Celsius there would dr@\a three
degree drop in temperature through the 2.5 millem#tick lid. This functioned well enough thatshapid
prototyping material could be used; however, if moonductive material was used it might be possblainimize
the variation between temperatures and broadetethgerature range.

With regard to electrical insulation, the resisivof rapid prototyping materials is high sinceytare
polymers and this can be seen in Table 1. Althahghe are formulas for the actual resistance ®ptrt between
two thermistors this would be rather complex taaklte as it depends on geometry. This geometmgtiyet
completely resolved; it will depend on the printédtuit board layout, which will be discussed lat&y using the
model lid dimensions an approximation of the resisé of the material between each of the thernsistan be
made.

Figure 4: Example Lid Drawing with Dimensions
This was done using the basic definition of resista(3), which is below and yielded a resistancg.e4x16*
ohms.

R= 4)

3.1.3. alternate materials

Due to the limited capacity of the rapid prototygpimaterial, other materials were investigated.eérsh was
conducted on the materials database, MatWeb, vdulitcts data sheets on different materialBable 2 was
developed by searching ceramics and polymers #tharthermal conductivity of at least 180 W/m-K.



Table 2: Results of Materials Search

Thermal Electrical
Material Conductivity | Resistivity Company affiliation

(W/m-K) (ohm-cm)
Epoxy/Carbon Fiber Composite 6-4D0 General Data Sheet (none)
P-100 Thornel Carbon Fiber/Epoxy Composite 321 BP Amoco Perfomance Product
P-120 Thornel Carbon Fiber/Epoxy Composite 100 BP Amoco Perfomance Product
Aluminum Nitride 180 1.00E+13 Sapco
Microplasmic Anodizing 307 5.00E+10Q Microplasmic Corporation
Beryllia (99.5% BeO) 248 General Data Sheet (none)
Ceralloy 418, Beryllium Oxide 250 1.00E+18 Ceradyne Advanced Ceramics
PT110 Boron Nitride Powder 266-284 1.00E+15 GE Advanced Ceramics

*This figure fell into the appropriate range, butem the company was contacted their specificasbest listed this

value instead of the one given by MatWeb.

These potential materials were investigated furtfignere was concern that due to their high mgltiaints
the ceramics would be difficult to process into tihi& layer needed. Microplasmic Anodizing thiskted as though
it might be a feasible or that even standard alumianodizing might work. This is because anodizsng process
by which a thin layer of oxide created on the stefaf aluminum (in the case of Microplasmic anauizother
metals may be used including titanium), which aeat layer of electrical insulatioh.This meant that metals
could be used to conduct the heat and as the taydd be kept to the a few hundred microns thidkiclv was
thought to allow the metal to truly serve as tharitial conductor. In addition it would be possitaleet the lid
portion of the device cast, since techniques darsgetting a mold and then casting rapid prototyparts. Further
work would need to be done to learn if compositesasbon fiber and epoxy would be an appropriatéenel for

this project.

3.2. electronics

The electronics presented the second challengénviitb creation of this device. The thermistorededl to be
housed at the particular location of the appropriaaction cell. The reference resistors as veedl manner of
output had to be integrated into the circuit desigapid prototyping processes offer the capahiditgreate many
small, complex shapes and hidden channels, whiaermappealing for this project. However, evewiifes could
be run through such material and thermistors emixtédvould not make it feasible to replace indiad
thermistors and the numerous outputs could creatiusion. After speaking with the personnel in Electrical
Engineering and Computer Science Department diltlveaukee School of Engineering it seemed as thahgh
most practical approach would be to use a prinirdit board (PCB). Upon determining this it beeaatear that
device as a whole would be two parts; the prinieclit board would serve as the bottom half andttipehalf
would be a thin lid to create a flat surface updmcl the array of reactions could occur. A fewesohtics were
developed with different circuit designs; howewefull layout that can be manufactured still netedise developed

in full.

The thermistors were the key consideration inuiirdesign as their placement and function wascatito
the device. They were specifically chosen duédndir responsive, small, stable and reliable natditeermistors
have resistance that varies with temperature, wikig¥hy a voltage divider was used. Other eleatcomponents
have been considered for addition to the deviceh si$ switches to reduce the number of outputstegiated
circuit resistors to reduce needed space. Alsemuoohsideration is the concept of stretching twgrint of the
circuit board outside of the 3"x3” space and plgciti components other than the thermistors ingkisa space.

3.2.1. output

The other critical electronics issue was movingdht from the circuit board to a computer. It wasessary that
the analog signals from all of the thermistors bkected and then transformed into digital sigriatsdata
collection via a computer. This process would beedby Keithley 706 Scanner, which would cycle tigio all of
the channels connected to it reading the voltagh Bme. The scanner can then convert this voliaigea digital



signal, which can then be sent to a computer hgsing the equation for a voltage divider the itasise of the
thermistor can be calculated. The correlating Enafpre can then be found using the tables suppligte
manufacturer and interpolated as necessary. cHigsllation and table look up can be done using/ial.

3.3. processing

Once it was known that the device would have twadipes and that the bottom would be a PCB the moéar
creating the upper portion of the lid had to beeasined. PCBs are created by manufactures ubiemical
etching techniques to create the connections argbldering on the components.

3.3.1 reverse engineering

Reverse engineering was used due to the complerenat the surface of the PCB. In this technidweedurface of
an object is scanned using a laser or CGI machioeder to collect a large number of data poifitkese data

points displayed on a computer create a cloudHiiege of the object, which is then transformed etolid file by
software as can be seen in Figure 5.

Figure 5: Cloud of Data points and Final 3-d Image
This file renders in the stl. format, which is tigpe used by rapid prototyping machines to crebjeats. In the
case of this project the file would first have ®ibanipulated to get the opposite of the surfaaarsed and create
thickness so that the top portion of the lid is.fla

3.3.2 rapid prototyping

Once the lid structure is created using the fikated by reverse engineering it has to be credthih cannot easily
be done using conventional machining techniquegdaltige intricacy of the object. A method knowrragid

prototyping is used in which the object is builfda by layer. In particular the Selective Lasert&iing technique
was used and can be seen in Figure 6.

Figure 6: Selective Laser Sintering Machine
In this technique a CQaser sinters a powder into a particular shapafren layer. In the process of sintering,
this powder is attached to the previous layer. rnthe bed of powder including the sintered part @sodown the



thickness of one layer and a roller comes acrogesiéng new powder. Since the unsintered powesrains the
object has a built in support structure unlike ottag@id prototyping processes. The technique sgeatse enough
for the end device as it was used to create thepbeabelow that has a thermistors sitting in it.

4. Conclusion

The organization and structure of an array of tl@sensors was developed along with a method ofifaaturing
it in spite of demanding limitations. Overall itpgssible to create an array of 64 thermal sens@3”"x3” using a
range of known technologies. The sensors in usédime surface-mount thermistors, which are setvwaitage
dividers. The output voltages of each of theséviddal circuits can be read individually by a snansystem,
which will then convert the signal from digital &amalog. The circuits themselves would be laidasué printed
circuit board. On top of this printed circuit bdaxould be a form-fitting lid, whose bottom would Herived from
a reverse engineering image of the printed citooi@trd. This piece could then be rapid prototypea Selective
Laser Sintering machine using Duraform GF powderaauld thermally conduct well enough to functiqmto

88 Celsius with only a three degree temperatur@ diban increased temperature range is needelititheuld be
cast in aluminum and then be Microplasmically Arzedi in order to create a thin layer of electricaliation,
while still allowing thermal conduction. If thei®a desire for simultaneous readouts of the dataltiplexer could
be used to gather all the signals at once; thereg@onse rate of the array would only be limitgdHe time it takes
to convert the signals from analog to digital. fidwgh testing will be required for this device oiitds actually
made but the theoretical framework for its functéond creation now exist, seem feasible and yieldwace that
could aid scientists in many fields
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