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Abstract 

 
In order to measure the variation of temperatures across a thermal gradient, an array of thermal sensors is needed.  
Such an array has the potential to aid scientists in determining the impact of temperature on their experiments and 
could be used specifically in combinatorial chemistry experiments.  Combinatorial chemistry is a method by which a 
range of chemical reactions may be tested en mass and this demanded an alternate way of measuring temperature.  
The created array of sensors would sit underneath an array of reactions and to ensure that the temperature measured 
is representative of the temperature of the reaction cells the device must thermally conduct.  It also must electrically 
insulate to prevent electrical interference from between individual sensors.  The temperature sensors in use were 
surface-mount thermistors and they were soldered onto a printed circuit board.  The topography of this printed 
circuit board could be acquired using reverse engineering.  Using this file a 3-d image of a form-fitting lid could be 
developed.  This lid could then be made using rapid prototyping specifically Selective Laser Sintering with 
Duraform GF powder.   
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1.  Introduction 
 
The purpose of this project was to accurately measure temperature across an array of individual chemical reactions 
that are common in combinatorial chemistry.   The project sought to create an array of thermal sensors that would 
detect and record the temperature at 64 different locations.  This information output to such a device is important 
due to the role temperature can play in chemical reactions. 

Chemical reactions are oftentimes dependent on many variables related to their environment.  One major 
variable in this regard is temperature as certain reactions will have different outcomes or even may not occur 
depending on temperature.   Electrochemical reactions can be particularly sensitive to temperature as resistance in 
any circuit depends upon temperature and this might affect the nature of the material deposited as well as its form.   

Measuring temperature is an easy task when dealing with a single chemical reaction at a time; however, in 
many parts of chemistry there is a need to try many combinations of variables.  One example is in the development 
of better catalysts to be used in creating functioning fuel cells.  Platinum is known to serve as a catalyst but more 
and more often small changes to its chemical make up might have an impact on fuel cell performance, so 
combinatorial chemistry is being used.1  From this field stemmed the interest in creating the device developed in this 
project.  In combinatorial chemistry rather than doing a single chemical reaction at a time, a systematic array 
operates multiple chemical reactions simultaneously.2  An example of the need to measure temperature for an array 
of reactions is the investigations of Dr. Mike Zach of Argonne National Labs.  In his reactions there exist over 
twenty variables including temperature that will affect the geometric shape of the crystals that form from the 
reaction.3 Temperature must be controlled and monitored.  In order to fully investigate the possible phenomena a 
thermal gradient is used.  It can be easily created by flowing water through an aluminum block as seen in the figure 
below.   
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Figure 1:  Layout of Aluminum Block Used to Create Thermal Gradient 
The sensor itself was intended to sit on top of this block.  Then the array of reactions itself could be placed on the 
sensor.  The sensor itself serves to then measure temperature at each individual reaction.   
 
2.  Methodology 
 
The device is seen as consisting of two layers- one that contained the electronics and another that served as a 
protective lid.  This layering along with the device’s placement with regard to the aluminum block and array 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 experienced by the reaction of each cell in the 64 cell array within 3°C. 
This implies that the materials in the device cannot thermally interfere with the heat transfer.  Each sensor must also 
be isolated electronically so that the data output is accurate.  The device must operate in a temperature range of         
-10°C to 105°C.  It must also have a 3” by 3” footprint and evenly space the thermistors so they correctly measure 
the temperature of the cell above them.   
 
2.2. sensor selection 
 
In order to measure temperature 64 thermistors were incorporated into this device.    Thermistors were chosen as 
they are small, stable and reliable sensors.  In use were NTC (negative temperature coefficient) 30 k�  surface-
mount thermistors with part number BC1551CT-ND on the website of Digi-Key Corporation.4  Surface-mount 
thermistors were chosen because they take up less space on a circuit board than thermistors than leads.  These 
specific thermistors were chosen as previous experience has shown they function well, however, if the temperature 
range were to be changed another thermistors would need to be chosen. 
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2.3. electronics 
 
To create the electrical layout for the sensor a printed circuit board was used.  The basic circuit used was a voltage 
divider and is diagramed along with the related formula to calculate the resistance of the thermistors in Figure 3.  
 
 
 
 
 
 
 
 
 

Figure 3: Voltage Divider with Thermistor and Accompanying Formula 
Two schematics of the printed circuit board have been developed and these can be seen in Figure 3.  A layout for the 
actual circuit board is in the process of being developed and will entail a board that is actually larger than the 3”x3” 
array so that only the sensors themselves are underneath the array of reactions.  This board would be connected to a 
Keithley 706 scanner was used with its 7064 Low Voltage Scanner Card in order to cycle through the analog signals 
output by the circuit board and to transmit those signals to a computer.  National Instrument’s program LabView 7.0 
is planned for to be used to process all the data.  
 
2.4. processing 
 
To create the upper portion of the sensor multiple techniques were used.  Reverse engineering was used so that the 
lid fit the exact dimensions of the circuit board that sat beneath it.  In this process the surface would be scanned and 
a file would be output in .stl format, which could then be manipulated in computer programs.  This piece was then 
modified so that a flat upper surface was created.  Then the piece was built using rapid prototyping, which is an 
additive building technique that creates parts layer by layer.  Specifically Selective Laser Sintering (SLS) would be 
used with Duraform GF powder.   
 
3.  Discussion 
 
There were three major considerations in the process of researching how to create this device beyond the minimal 
operating criteria.  The device must thermally conduct so that the thermal gradient created is experienced by the 
array of reactions.  It must also ensure electrical insulation between the thermal sensors so that readings are 
outputted correctly.  The thermistors themselves also needed to be replaceable in some manner so that if one fails 
the whole device is not lost.  Overall the project formed itself into a two-part problem; the first was dealing with the 
materials that would be involved in creating the device and the second was creating a functioning circuit that would 
output the data.  Of course integrated into these two problems was the need to have a method to create the actual 
device.   
 
3.1. materials 
 
One of the two major challenges within this project was the issue of materials.  As it turns out having a material that 
thermally conducts but does not electrically conduct creates a situation of competing needs based in the same 
physical principle.5 In materials free electrons are what cause both heat and electricity to pass through a material.  
When a material is heated up and it has free electrons, those in the warmer portion of the material gain kinetic 
energy and move around at higher rates of speed until they reach a cool part of the material.  In this manner the heat 
travels through the material.  When an electrical charge is applied to a material, free electrons are directed to (if it is 
positive) or away (if it is negative).  In this way current can be created within a material or the material will allow 
current to pass through it.6  

Although heat is conducted primarily via electron movement, heat can also be transported by another 
mechanism.  Layers of the lattice structure itself may have waves created in it and these waves are known as 
phonons.  Heat may also be transferred via these structures, but not as efficiently as with free elections.7 
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This creates an interesting situation as one examines each major category of materials.  Metals for instance 
conduct both electricity and heat very well because they have numerous free electrons.  Ceramics are generally 
insulators because there are not many free electrons and their porous nature creates borders around which electricity 
must travel.  However, generally these pores are only filled with air, which while static does not allow for easy heat 
transfer.  They are more likely to be able to transfer heat the more crystalline in nature they are.  Polymers consist of 
long chains of bonded materials in specific ways.  As such they do not contain many free electrons and are 
insulators.8 

 
3.1.1. rapid prototyping materials 
 
Although materials demands were high it seemed likely that at some point in the process the lid piece would have to 
be rapid prototyped and as such it made sense to see if any of these materials would be feasible to use in the end 
product.  These materials are generally plastics, which implies they function very well as electrical and thermal 
insulators, but there is variation depending on the machine used to produce the parts and some machines can even 
use more than one material.  The following table was created to distinguish the properties of the materials used in 
the rapid prototyping machines owned by the Milwaukee School of Engineering by contacting the companies who 
make the materials. 
 

Table 1.  Rapid Prototyping Materials and Their Properties 

Material 
Thermal Conductivity 
(W/m-K) 

Electrical Resistivity 
(ohm-cm) Machine Company Notes 

Accura SI 10   SLA 3D Systems Plastic resin, not likely candidate 

ABS .128-.19 1.00E+14-1.00E+16 FDM Stratasys  

Polycarbonate .19-.21 1.00E+15 FDM Stratasys  

Polyphenyl-sulfone 0.35 1.00E+15-9.00E+15 FDM Stratasys  

Duraform PA 0.23 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+13 SLS 3D Systems  
 
It then had to be determined whether any of these materials were good enough to be used in the concept being 
developed.  This seemed possible despite the poor thermal conductivity as it was clear due to the size of the 
thermistors the lid portion of the device could be very thin.  In order to determine if it could be made thin enough 
that one of these materials would not create a serious temperature drop between the thermistors and the actual cells 
themselves heat transfer had to be modeled.   
 
3.1.2. mathematical representations of physical properties 
 
As the actual nature of the thermal array was established and the requirement for a lid structure was clarified, it 
became possible to mathematically attempt to analyze what would happen physically for the device with regard to 
heat transfer and electrical resistivity.   
 Even though the exact nature of the circuit board was not available the lid was modeled for the chosen 
thermistors with them all evenly distributed across a 3”x3” square.  It was decided that the lid would be 2.5 
millimeters thick which left a reasonable buffer between the thermistors and the array.  With this dimension in hand 
it was then possible to calculate the temperature drop from one side of the lid piece to the other.  Newton’s Law of 
Cooling (1) and Fourier’s Law of Conduction (2) were used in tandem to determine the temperature drop.  

 * *Q h A T= D
�

 (1) 

 * *
T
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 (2) 

Since all heat into the system must exit the system these formulas could be equated allowing for a 
determination of the temperature at the bottom and top of the lid.  The coefficient of thermal conductivity in 
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Fourier’s Law of Conduction used was that of the material being considered, while the heat transfer coefficient in 
Newton’s Law of Cooling used was that of air.  The manipulation of these equations into form desired can be seen 
below.   

 * * ( )*sur bot top

k k
h T T h T

x x
+ = +  (3) 

With this equation at hand it was possible to plug in a surrounding temperature as well as the temperature 
within the gradient and find the given drop.  The size of temperature drop increased with increasing applied 
temperature.  The size of the temperature drop also grew with increasing surrounding temperature.  Since good 
thermal conduction was desired calculations were done with the rapid prototyping material with the largest 
coefficient of thermal conductivity, Duraform GF.  Using a scenario where the surroundings were taken to be still 
air at 25
Celsius and with Duraform GF in use it was calculated that up to 88
Celsius there would only be a three 
degree drop in temperature through the 2.5 millimeter thick lid.  This functioned well enough that this rapid 
prototyping material could be used; however, if more conductive material was used it might be possible to minimize 
the variation between temperatures and broaden the temperature range.   
 With regard to electrical insulation, the resistivity of rapid prototyping materials is high since they are 
polymers and this can be seen in Table 1.  Although there are formulas for the actual resistance of the part between 
two thermistors this would be rather complex to calculate as it depends on geometry.  This geometry is not yet 
completely resolved; it will depend on the printed circuit board layout, which will be discussed later.  By using the 
model lid dimensions an approximation of the resistance of the material between each of the thermistors can be 
made.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Example Lid Drawing with Dimensions 
This was done using the basic definition of resistance (3), which is below and yielded a resistance of 8.64x1014 
ohms.   
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3.1.3. alternate materials  
 
Due to the limited capacity of the rapid prototyping material, other materials were investigated.  A search was 
conducted on the materials database, MatWeb, which collects data sheets on different materials.9  Table 2 was 
developed by searching ceramics and polymers that had a thermal conductivity of at least 180 W/m-K.   
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Table 2:  Results of Materials Search 

Material 
Thermal 
Conductivity 
(W/m-K)  

Electrical 
Resistivity 
(ohm-cm) 

Company affiliation 

Epoxy/Carbon Fiber Composite 6-400  General Data Sheet (none) 
P-100 Thornel  Carbon Fiber/Epoxy Composite  321  BP Amoco Perfomance Products 
P-120 Thornel Carbon Fiber/Epoxy Composite 400  BP Amoco Perfomance Products 
Aluminum Nitride 180 1.00E+13 Sapco 
Microplasmic Anodizing 30* 5.00E+10 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, but when the company was contacted their specifications sheet listed this 
value instead of the one given by MatWeb. 
 
 These potential materials were investigated further.  There was concern that due to their high melting points 
the ceramics would be difficult to process into the thin layer needed.  Microplasmic Anodizing this looked as though 
it might be a feasible or that even standard aluminum anodizing might work.  This is because anodizing is a process 
by which a thin layer of oxide created on the surface of aluminum (in the case of Microplasmic anodizing other 
metals may be used including titanium), which creates a layer of electrical insulation.10  This meant that metals 
could be used to conduct the heat and as the layer could be kept to the a few hundred microns thick, which was 
thought to allow the metal to truly serve as the thermal conductor.  In addition it would be possible to get the lid 
portion of the device cast, since techniques exist for getting a mold and then casting rapid prototyped parts.  Further 
work would need to be done to learn if composites of carbon fiber and epoxy would be an appropriate material for 
this project. 
 
3.2. electronics 
 
The electronics presented the second challenge within the creation of this device.  The thermistors needed to be 
housed at the particular location of the appropriate reaction cell.  The reference resistors as well as a manner of 
output had to be integrated into the circuit design.  Rapid prototyping processes offer the capability to create many 
small, complex shapes and hidden channels, which made it appealing for this project.  However, even if wires could 
be run through such material and thermistors embedded it would not make it feasible to replace individual 
thermistors and the numerous outputs could create confusion.  After speaking with the personnel in the Electrical 
Engineering and Computer Science Department at the Milwaukee School of Engineering it seemed as though the 
most practical approach would be to use a printed circuit board (PCB).  Upon determining this it became clear that 
device as a whole would be two parts; the printed circuit board would serve as the bottom half and the top half 
would be a thin lid to create a flat surface upon which the array of reactions could occur.  A few schematics were 
developed with different circuit designs; however, a full layout that can be manufactured still needs to be developed 
in full. 
 The thermistors were the key consideration in circuit design as their placement and function was critical to 
the device.  They were specifically chosen due to their responsive, small, stable and reliable nature.  Thermistors 
have resistance that varies with temperature, which is why a voltage divider was used.   Other electrical components 
have been considered for addition to the device, such as switches to reduce the number of outputs or integrated 
circuit resistors to reduce needed space.  Also under consideration is the concept of stretching the footprint of the 
circuit board outside of the 3”x3” space and placing all components other than the thermistors in this extra space.   
 
3.2.1. output 
 
The other critical electronics issue was moving the data from the circuit board to a computer.  It was necessary that 
the analog signals from all of the thermistors be collected and then transformed into digital signals for data 
collection via a computer.  This process would be done by Keithley 706 Scanner, which would cycle through all of 
the channels connected to it reading the voltage each time.  The scanner can then convert this voltage into a digital 
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signal, which can then be sent to a computer here.  Using the equation for a voltage divider the resistance of the 
thermistor can be calculated.  The correlating temperature can then be found using the tables supplied by the 
manufacturer and interpolated as necessary.   This calculation and table look up can be done using LabView.   
 
3.3. processing 
 
Once it was known that the device would have two portions and that the bottom would be a PCB the process for 
creating the upper portion of the lid had to be ascertained.  PCBs are created by manufactures using chemical 
etching techniques to create the connections and then soldering on the components.    
 
3.3.1 reverse engineering 
 
Reverse engineering was used due to the complex nature of the surface of the PCB.  In this technique the surface of 
an object is scanned using a laser or CGI machine in order to collect a large number of data points.  These data 
points displayed on a computer create a cloud-like image of the object, which is then transformed into a solid file by 
software as can be seen in Figure 5.   
 
 
 
 
 
 
 
 
 
 

Figure 5: Cloud of Data points and Final 3-d Image11 

This file renders in the stl. format, which is the type used by rapid prototyping machines to create objects.  In the 
case of this project the file would first have to be manipulated to get the opposite of the surface scanned and create 
thickness so that the top portion of the lid is flat. 
 
3.3.2 rapid prototyping 
 
Once the lid structure is created using the file created by reverse engineering it has to be created.  This cannot easily 
be done using conventional machining techniques due to the intricacy of the object.  A method known as rapid 
prototyping is used in which the object is built layer by layer.  In particular the Selective Laser Sintering technique 
was used and can be seen in Figure 6.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Selective Laser Sintering Machine 
In this technique a CO2 laser sinters a powder into a particular shape for a given layer.  In the process of sintering, 
this powder is attached to the previous layer.  Then the bed of powder including the sintered part moves down the 
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thickness of one layer and a roller comes across depositing new powder.  Since the unsintered powder remains the 
object has a built in support structure unlike other rapid prototyping processes.  The technique seems precise enough 
for the end device as it was used to create the example below that has a thermistors sitting in it. 
 
4. Conclusion 
 
The organization and structure of an array of thermal sensors was developed along with a method of manufacturing 
it in spite of demanding limitations. Overall it is possible to create an array of 64 thermal sensors in a 3”x3” using a 
range of known technologies.  The sensors in use would be surface-mount thermistors, which are set into voltage 
dividers.  The output voltages of each of these individual circuits can be read individually by a scanner system, 
which will then convert the signal from digital to analog.  The circuits themselves would be laid out on a printed 
circuit board.  On top of this printed circuit board would be a form-fitting lid, whose bottom would be derived from 
a reverse engineering image of the printed circuit board.  This piece could then be rapid prototyped in a Selective 
Laser Sintering machine using Duraform GF powder and would thermally conduct well enough to function up to 
88
Celsius with only a three degree temperature drop.  If an increased temperature range is needed the lid could be 
cast in aluminum and then be Microplasmically Anodized in order to create a thin layer of electrical insulation, 
while still allowing thermal conduction.  If there is a desire for simultaneous readouts of the data a multiplexer could 
be used to gather all the signals at once; then the response rate of the array would only be limited by the time it takes 
to convert the signals from analog to digital.  Thorough testing will be required for this device once it is actually 
made but the theoretical framework for its function and creation now exist, seem feasible and yield a device that 
could aid scientists in many fields 
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