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Abstract 

One emerging application of additive manufacturing is building parts with embedded electronics, 

but the thermal management of these assemblies is a potential issue.  Electrical components have 

efficiency losses, and a significant portion of that lost energy is converted into heat.  Embedding 

electronics in PolyJet™ parts is of particular interest since material jetting additive 

manufacturing has the ability to deposit multiple, functionally graded materials on a pixel by 

pixel basis. 

Although there is existing literature on other PolyJet™ material properties, there is limited 

research on their thermal characterization.  The goal of this work is to determine the thermal 

conductivities of select PolyJet™ photopolymers (VeroWhitePlus, TangoBlackPlus, and 

Grey60) by using the heat flow meter method.  The resulting thermal conductivities are then 

applied in finite element analysis (FEA) simulations to model the thermal distribution of heated 

PolyJet™ parts.   

Two FEA models of one-dimensional conduction in PolyJet™ parts are defined and compared to 

a corresponding physical model to verify the thermal conductivity measurements; one simulation 

expresses thermal conductivity as a function of temperature and the other uses an average value 

of thermal conductivity.     

The thermal conductivities were determined for a range of temperatures, and the average values 

were 0.2376 W/(m·K), 0.2307 W/(m·K), and 0.2272 W/(m·K) for VeroWhitePlus, 

TangoBlackPlus, and Grey60, respectively.  When applying the thermal conductivity results to 

an FEA model, it was concluded that defining thermal conductivity as a function of temperature 

(as opposed to a constant value), reduced the average error in the predicted temperatures by less 

than 1%. 
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1  Additive Manufacturing 

Traditional forms of manufacturing are primarily based on either subtractive or forming 

methods.  Subtractive methods machine away and discard excess material from an initial block 

of material until the desired geometry is formed.  Methods that use subtractive manufacturing 

processes, however, are limited when it comes to fabricating geometrically complex parts.  

Creating internal faces, overhangs, intricate details, and other complicated features can be 

beyond the physical capabilities of both traditional subtractive and forming methods (such as 

stamping and casting). 

Additive manufacturing (AM) technologies use an entirely different process to create three-

dimensional parts, enabling the fabrication of structures that are impossible to make via 

traditional manufacturing methods.  AM processes build parts layer by layer from the bottom up.  

As depicted in Figure 1-1, each layer is a single two-dimensional “slice” of the original model.  

The horizontal lines across the model on the left represent a particular slice, and the crosshatched 

shapes on the right show the respective cross-sectional areas of those slices.  Since each cross-

section is simply a two-dimensional pattern, there are no tool path limitations; AM systems are 

able to outline the geometry of any layer, so the slices of complex three-dimensional models can 

be created just as easily as simple ones.   
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Figure 1-1. Example of layer geometry at different heights within a model made via AM.  

Used with permission of Lawrence Hincker, 2014. 

 

The resulting innovative design paradigm that “complexity is free” allows designers to let go of 

the geometry-restricting standards that accompany traditional forms of manufacturing.  Although 

this concept applies to all AM technologies, it is especially relevant to material jetting additive 

manufacturing, which has the ability to deposit multiple materials on a pixel by pixel basis. 

 Material Jetting Additive Manufacturing 1.1

Material jetting additive manufacturing uses inkjet heads similar to those of an ordinary two-

dimensional printer.  Instead of printing ink, however, a material jetting system jets liquid 

droplets of material (such as wax or photopolymer).  The droplets are patterned to form each 

two-dimensional layer, or slice, and the material goes through a phase change before the next 

layer is deposited.  The material of interest in this investigation is an acrylate-based 

photopolymer that is used with Stratasys’s PolyJet™ process; a diagram of the PolyJet™ system 

is shown in Figure 1-2.  To form each layer, liquid photopolymer droplets are deposited through 
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the jetting head that moves in both the x- and y-directions, and a UV light then passes over the 

photopolymer to cure the material into a solid state.  After each slice is formed, the build tray 

moves downward one layer thickness so the next slice can be printed on top of the preceding 

layer.  

 

Figure 1-2. Diagram of Stratasys’s PolyJet™ Process [1].  Used under fair use, 2014. 

One of the unique advantages of using this particular AM technology is that it has the ability to 

print multiple materials.  Various photopolymers are available, ranging from opaque to 

transparent, and rigid to flexible.  An additional hydrophobic photopolymer is used to support the 

build material; designed overhangs and internal cavities are printed using the sacrificial support 

material to maintain correct feature orientation during the fabrication process.  By having 

separate print heads for the support material and up to two model materials, multiple materials 

can be printed in one design [2].  In addition, specific material combinations can be printed in a 

single build process; these functionally graded materials are produced by consecutively jetting 

droplets of two different photopolymers in various proportions.  As a result, up to fourteen 
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distinct material properties can currently be produced in a single model, allowing for a range of 

stiffness properties and other mechanical characteristics [3].  The ability to use multiple materials 

is an advantage when it comes to prototyping new models and developing functionally graded 

material applications.  Rigid and elastomeric materials, and material properties of varying 

degrees in between, can be selectively placed to create designs that feel and move unlike those 

produced by any other AM process. 

 Motivational Example: Embedded Electronics  1.2

One emerging application of AM technologies is building parts with embedded electronics.  

Incorporating electrical components in the prototyping phase of the design process enables the 

fabrication of fully functional models [4].  However, this concept can be taken one step further 

by combining embedded components with the advantages of AM to develop innovative end-use 

applications.  By placing material just where it is needed, AM technologies are able to create 

complex geometries that facilitate the incorporation of different electronic and mechanical parts 

[4].   

Furthermore, AM processes enable assembly reduction of a final design.  Systems that consist of 

multiple, interacting parts are traditionally assembled after each component is fabricated 

separately.  Due to the design freedom of AM, fewer individual pieces are required, and each 

system can be created as an assembly of parts in a single build process.   

Closely related to the AM advantage of assembly reduction is the ability to embed additional 

components.  This concept is accomplished by first incorporating custom-shaped voids that 

conform to the shape of the embedded pieces; the general procedure [5] is depicted in Figure 1-3.  

The build process is paused when the last layer of the cavity is deposited, and the sacrificial 
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support material is removed.  Once the component is placed in the void, it is anchored to ensure 

that it stays in place and does not interfere with the manufacturing process.  Finally the build 

process is resumed, and the embedded piece is enclosed by the build material deposited in the 

subsequent layers. 

 

Figure 1-3. Diagram of the general embedding process: (a) stop the build, (b) remove 

support material, (c) insert and anchor component, (d) resume the build. 

 

The embedding process has been applied to various AM technologies (including shape 

deposition manufacturing, stereolithography, ultrasonic consolidation, and PolyJet™) to embed 

sensors, wires, motors, actuators, and other electronic and mechanical parts [5].  Embedding 

electronics in PolyJet™ parts is of particular interest, especially if printed circuits are used.  

Printed electronics, unlike traditional electronics, can be deposited on both rigid and flexible 

substrates [6]; using multiple, functionally graded PolyJet™ materials in conjunction with 

selectively deposited flexible circuits has the potential to aid the fabrication of embedded 

electronics. 

(a)                                    (b) 

(c)                                     (d) 

Support 

Material 

Build 

Material Embedded 

Component 
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 Research Gap: Heat Transfer Modeling of PolyJet™ Photopolymers 1.3

While the application of embedded components in AM systems is promising, the thermal 

management of these assemblies is a potential issue.  Electrical and mechanical working 

components have efficiency losses, and a significant portion of that lost energy is converted into 

heat.  When these devices are fully enclosed, overheating is a serious problem if they are not 

being actively cooled.  Excess heat can adversely affect the mechanical performance of parts, 

and for every 10° C increase in temperature, the average reliability of electronic components 

decreases by 50% [7].  An additional concern is the integrity of the AM material that would 

enclose the embedded parts. 

The heat deflection temperature (HDT) of the materials of interest, PolyJet™ photopolymers, is 

very low; VeroWhitePlus, one of these photopolymers, has a HDT of 45-50° C for loads of both 

0.45MPa and 1.82MPa [8].  These HDT values are barely above room temperature, so PolyJet™ 

parts with embedded heat-generating components need to be carefully designed.  Heat transfer 

modeling during the design phase would be advantageous in simulating the temperatures of an 

embedded system: the design could be modified to improve the thermal management of the 

PolyJet™ assembly.   

However, to create a heat transfer model, the thermal properties of the PolyJet™ materials must 

be known.  These properties, including thermal conductivity, have been documented for some 

AM processes (including selective laser sintering [9] and binder jetting of metals and ceramics 

[10]), but they are relatively unknown for processes that use photopolymers (such as 

stereolithography and material jetting additive manufacturing).  The exact composition of these 

photopolymers is proprietary information [11], so the characteristics of PolyJet™ materials are 

not fully understood.  Stratasys has reported some material properties (including HDT and tensile 
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strength) [8], but research must be conducted to determine any additional material 

characteristics. 

Kovacs and coauthors [12] found the thermal conductivity, specific heat, and density of Fullcure 

720 photopolymer (Stratasys’s “clear” PolyJet™ material), which were measured via the 

transient hot plate method, differential scanning calorimetry, and the Archimedes’ principle, 

respectively.  (Even though Kovacs and coauthors presented the transient hot plate method as 

their thermal conductivity measurement technique, the exact methods they used are unclear.  In 

their brief description of this technique, they said that the system was brought to steady state, 

which contradicts the meaning of a transient process.)  These measured values were used in a 

finite element simulation and in an explicit numerical calculation to model the temperature 

distribution in a Fullcure 720 PolyJet™ part.  Although the simulation and explicit temperature 

calculations closely matched the measured results, their work is limited: 

1. Constant values of thermal conductivity and specific heat were used; using temperature-

dependent thermal properties would yield a more accurate model [12].   

2. Furthermore, it appears that a single thermal conductivity measurement was collected at 

four different temperatures (26.5, 44.5, 61.1, and 80.5° C); more accurate results would 

be achieved with additional temperature-dependent thermal conductivity data points. 

Fullcure 720 was the only photopolymer Kovacs and coauthors investigated; there are other 

PolyJet™ photopolymers that have not been thermally characterized.   

Other work has been conducted on quantifying additional PolyJet™ photopolymer 

characteristics, including fatigue life and static material properties.  Moore and Williams 

investigated the fatigue life of elastomeric PolyJet™ materials (TangoBlackPlus) and PolyJet™ 

multi-material interfaces (between TangoBlackPlus and VeroWhitePlus) [13].  Further research 
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has quantified the flexural modulus, flexural strength, tensile modulus of elasticity, and tensile 

strength of VeroBlack, VeroBlue, and FullCure 720 [14].  Gibson and coauthors also 

documented the Young’s modulus in compression of FullCure 720 [15].  In addition, other 

studies have examined the effects of build orientation and part spacing on the mechanical 

properties (including tensile strength, tensile modulus, and Shore hardness) of printed parts [16], 

[17]. 

Although there is existing literature on other PolyJet™ material properties, there is limited 

research on the thermal characterization of these photopolymers. (Thus far, only the thermal 

conductivity and specific heat of Fullcure 720 have been measured.)  This gap in the current 

research leads to a primary research question: 

 

Primary Research Question 

How does the thermal conductivity of Stratasys’s PolyJet™ materials vary with temperature?   

 

In addition, PolyJet™ temperature-dependent thermal properties have not been used extensively 

in heat transfer simulations.  This, along with the intended application of embedding heat-

generating components in PolyJet™ parts, gives rise to a secondary research question:  

 

Secondary Research Question 

How can this thermal property be applied to model heat transfer in a PolyJet™ part for designing 

thermal management considerations? 
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 Thesis Roadmap 1.4

The goal of this research is to determine the thermal conductivity of PolyJet™ photopolymers, 

and to use this property to model the heat transfer of embedded heat sources in PolyJet™ parts.  

Specifically, the thermal conductivity of Stratasys’s VeroWhitePlus, TangoBlackPlus, and 

Grey60 PolyJet™ materials is measured and then applied in a finite element analysis (FEA) 

simulation to model the thermal distribution generated by heat sources embedded in PolyJet™ 

assemblies.  The subsequent chapters delineate the progression of this work. 

Chapter 2 describes the different methods of measuring thermal conductivity and details the 

theory and general setup of the selected analysis method, the heat flow meter technique.  Chapter 

3 discusses the procedure and results of the thermal conductivity measurements for both the 

PolyJet™ materials and another calibration material that has established thermal properties.  The 

PolyJet™ thermal conductivity measurements are then applied to an FEA heat transfer 

simulation, and a physical model is established to verify the resulting model.  Chapter 4 first 

discusses the methods and assumptions used to develop both the FEA and physical models, and 

then reports and compares the results of these models.  Finally, Chapter 5 summarizes the 

findings and limitations of the developed models, and also proposes possible future work in the 

field. 
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2 Thermal Conductivity Measurement Methods 

There are various methods for measuring the thermal conductivity of materials, but the 

application of each technique has its limitations.  The advantages and disadvantages of each 

measurement method are investigated, and the heat flow meter technique is ultimately selected 

for identifying thermal properties of PolyJet™ photopolymers.  Section 2.1 provides a brief 

overview of the alternative methods and a description of why they were not selected.  Section 2.2 

then provides details of the heat flow meter technique. 

 Alternative Measurement Methods 2.1

The different methods for measuring thermal conductivity can be classified by whether the heat 

flow used is steady state or non-steady state.  For steady state methods, a steady state heat 

exchange is established before measuring the thermal properties of interest; non-steady state 

techniques, however, utilize a variable heat exchange system to obtain the thermal properties.  

The non-steady state techniques can also be further subdivided into two sections: transient heat 

flux and periodic heat flux [18].  Each of these categories has various methods and variations, as 

shown in Figure 2-1, and several of the more common techniques are described as follows: 
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Figure 2-1. Diagram of the classification of the various thermal conductivity measurement 

methods. 

 

2.1.1 Steady State Methods: 

 Guarded hot plate:  A plane heat source with a known heat flux is sandwiched between 

two material specimens, each of which has a heat sink attached to the outside surface.  

Temperatures are measured at the interfaces (between the heat source and samples and 

between the samples and heat sinks); the thermal conductivity of the material is 

calculated using the measured temperature drop, heat flux, and sample thickness [19].  

This method uses a symmetrical configuration, as opposed to the one-sided setup of the 

heat flow meter technique, and therefore requires twice as many material samples and 

temperature sensors. 
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2.1.2 Non-Steady State Methods - Transient: 

 Transient plane-source (Hot Disk): A thin planar resistive element, which is mounted 

between two material samples, is used as both a heat source and temperature sensor.  

When electrical power is supplied to the element, its temperature increases due to 

resistive heating; temperature data recorded as a function of time are used to determine 

both the thermal conductivity and thermal diffusivity of the sample [20].  Since this is a 

transient method, the required analysis is more complicated due to the time-dependent 

calculations [21].  

 Transient line-source:  This is a variation of the hot wire technique that is appropriate for 

polymers.  A needle-shaped probe, which includes a thin long heating element and a 

thermocouple, is inserted into a sample and radially emits a known heat flux through the 

material.  The temperature change data measured over time by the thermocouple are used 

to determine the thermal conductivity [20].  The thermal conductivity calculations, 

however, assume that the probe is infinitely thin and long; due to the finite dimensions 

and nonlinearities of the system, the probe must be calibrated with a material of known 

thermal conductivity [20]. 

 Laser flash: A laser provides an energy pulse to heat one side of a thin sample, and the 

resulting temperature rise on the opposing side of the specimen is recorded as a function 

of time.  The thermal diffusivity of the sample is calculated from the sample thickness 

and the resulting temperature-time curve [20].  Although a commercial system using this 

method is available at Virginia Tech, the current setup is only able to take room-

temperature measurements. 
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 Time-domain thermoreflectance: This method is used to measure the thermal properties 

of thin films or bulk materials.  A laser pulse heats up a material sample and the change 

in the surface reflectivity is measured as a function of time; the resulting data are fitted to 

a heat transfer model that is used to derive the thermal properties of the specimen [22]. 

Since this technique directly determines the thermal diffusivity of the material, the 

material’s density and specific heat capacity must also be obtained in order to calculate 

thermal conductivity. 

2.1.3 Non-Steady State Methods - Periodic: 

 Angstrom’s method:  This is a thermal wave technique that periodically heats and cools 

one edge of the sample of interest.  Once the sample reaches a steady periodical state, the 

thermal diffusivity is evaluated by measuring the temperature at two different points 

within the material [23].  This method also only measures the thermal diffusivity of a 

sample, so data for the material’s density and specific heat capacity must also be obtained 

in order to calculate the thermal conductivity. 

 Temperature wave analysis:  This method is used to measure the thermal diffusivity of 

thin films, which are typically 1µm to 1mm thick.  Electrical resistors are placed on either 

side of a specimen, with one generating a thermal wave and the other sensing the 

temperature.  To determine the thermal diffusivity, the phase shift of the resulting 

periodic temperature wave is evaluated as a function of the sample thickness and the 

wave’s angular frequency [20]. Similar to Angstrom’s method, this technique also 

requires density and specific heat capacity data to calculate the thermal conductivity. 

 3-ω method: This technique is typically used to measure the thermal properties of thin 

films.  The surface of the material specimen is heated periodically at a specified 
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frequency, and the resulting amplitude of the heat source’s temperature oscillations is 

used to determine the thermal conductivity of the sample [24].  The heating element used 

in this technique is a thin metal line that is directly microfabricated onto the surface of the 

sample.  Creating the heating element is a difficult and time-consuming procedure, and it 

is uncertain whether or not the PolyJet™ photopolymers would be compatible with the 

chemicals required for the microfabrication process [25]. 

 Heat Flow Meter 2.2

The heat flow meter method is selected due to the straightforward setup of the measurement 

process and the ability to acquire data over a range of temperatures.  In addition, this method 

directly measures thermal conductivity, it has a relatively rapid measurement process for a steady 

state technique (approximately one hour to reach steady state [26]), and when properly 

calibrated, the heat flow meter apparatus has excellent precision [27].  Finally, the heat flow 

meter method does not use thin film samples, so the material specimens can be easily 

manufactured via material jetting additive manufacturing.  The following subsections outline 

both the theory behind the heat flow meter technique as well as the general setup used to carry 

out this approach. 

2.2.1 Theory 

Thermal conductivity is a material property that quantifies how well a substance can transfer heat 

via conduction.  This heat transfer process is evaluated in terms of a conduction energy rate 

equation, which is known as Fourier’s law.  For a one-dimensional conduction analysis, the rate 

equation can be evaluated using Equation 2-1:  

       
  

  
                                                           (2-1) 
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where     is the heat flux in the x-direction, k is the thermal conductivity, and dT/dx is the 

temperature gradient in the x-direction [28].  When analyzing steady state conduction through 

the thickness of a wall that has a linear temperature distribution, as depicted in Figure 2-2, 

Fourier’s law can be rewritten as shown in Equation 2-2: 

      
      

 
  

  

 
                                                       (2-2) 

where ΔT is the temperature drop across the wall (T1 minus T2) and L is the thickness of the wall 

(the distance between x1 and x2) [28]. 

 

 

 

 

 

Figure 2-2. Diagram of one-dimensional, steady state conduction through a wall that has a 

linear temperature distribution. 

 

The heat flow meter method follows the same principal as Fourier’s law by establishing one-

dimensional conduction through a test specimen that is sandwiched between two parallel plates.  

Furthermore, this technique establishes a steady state condition where the heat flux through, and 

the temperature change across, the sample are both constant.  The resulting setup allows the 

application of Equation 2-2, so only the heat flux, temperature drop, and sample thickness need 

to be measured to determine the thermal conductivity of the material. 
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2.2.2 General Setup  

The setup used for the heat flow meter technique is designed to promote one-dimensional 

conduction; a diagram of the general heat flow meter system is shown in Figure 2-3.  The sample 

of the material under consideration is placed between two parallel plates (one hot and one cold), 

with thermocouples on either side to measure the temperature drop across the specimen.  A heat 

flux sensor is used to determine the amount of heat traveling through the assembly, so the only 

other variable to be measured is the sample thickness, which can be measured before the material 

is positioned in the heat flow meter setup.  Finally a piece of conformable material is placed 

between each layer in order to reduce contact resistance between the surfaces.  

 

 

Figure 2-3. Diagram of the setup used for the heat flow meter measurements. 

 Thesis Roadmap 2.3

Section 2.1 provided an overview of the various alternative methods for measuring thermal 

conductivity and briefly explained why they were not selected.  Section 2.2 then presented the 

theory behind the selected thermal conductivity measurement method, the heat flow meter 

technique, and outlined the general test setup for this method.  A detailed description of the 

actual setup and applied heat flow meter procedure is outlined in the beginning of Chapter 3, 

which later presents the resulting thermal conductivity measurements of the PolyJet™ 

photopolymers. 
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3 Heat Flow Meter – Methods & Results 

The heat flow meter technique is implemented to obtain the thermal conductivity of the 

PolyJet™ photopolymers as a function of temperature.  The beginning of this chapter details the 

methods used to carry out the heat flow meter technique; Section 3.1 describes the measurement 

setup, and Section 3.2 provides both an overview of the process used to calibrate the heat flow 

meter data as well as the resulting calibration data.  The subsequent sections report the results of 

the heat flow meter technique; Section 3.3 reports the calculated thermal conductivity values of 

the VeroWhitePlus, TangoBlackPlus, and Grey60 materials while Section 3.4 discusses these 

results. 

 Measurement Setup 3.1

The guarded heat flow meter standard [26] is followed to measure the thermal conductivity of 

the PolyJet™ photopolymer samples.  Specifically, this test method is designed to be used with 

materials that have a thermal conductivity in the range of 0.1 W/(m·K) to 30 W/(m·K) over the 

temperature range of 150 K to 600 K.  In addition, this method can be used with thin samples 

anywhere from 0.5 mm to 25.4 mm thick [26]. 

The setup adopted for the thermal conductivity measurements is based on a preexisting apparatus 

used to successfully calibrate a heat flux gauge [29].  This previous application also required 

one-dimensional conduction, so it is a suitable system for the proposed heat flow meter 

technique; a picture of this setup is depicted in Figure 3-1.  The desired one-dimensional, steady 

state conduction through the sample is established by placing two parallel aluminum plates, of 

differing temperatures, on opposing sides of the specimen; a heating element is used to heat up 

the hot plate, while the cold plate is cooled by ice water flowing through an adjacent chamber.  
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To help ensure uniform heat flow in the plane perpendicular to the heat flux, layers of 

conformable Gap Pad© are placed to minimize contact resistance between the different surfaces 

of the assembly.  In addition, a dead weight is placed on top of the assembly to apply a constant 

pressure, providing a reproducible contact resistance between the interfaces.  Finally, the entire 

assembly is surrounded by insulation to prevent edges losses, thus promoting one-dimensional 

conduction through the sample.   

 

Figure 3-1. Picture of the setup used for the heat flow meter measurements. 

The temperature and heat flux data are recorded once the system reaches thermal equilibrium. 

According to the standard [26], the system can be assumed to be at steady state once the 

measured temperatures do not vary more than 0.1 °C per minute.  The resulting heat flux data are 

measured by using an RdF Corporation heat flux sensor (HFS-20455-1); the voltage output of 

the sensor is proportional to the amount of heat flux (W/m
2
) passing through the sensor.  In 

addition, T-type thermocouples (made at Virginia Tech) are used to measure the temperature of 

the hot and cold sides of the sample.  The temperature and heat flux data are acquired using a 

National Instruments thermocouple input module (NI cRIO-9211).  In order to get thermal 
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conductivity data over a range of temperatures, the hot side temperature is varied using a Variac 

Transformer (SC-10T).  The Variac is used to modify the voltage supplied to the resistive heater, 

thus changing the amount of heat dissipated.  

For each PolyJet™ photopolymer specimen, data are collected for four different mean 

temperatures.  The mean temperature is defined as the average of the hot side and cold side 

temperatures (average of T1 and T2).  Starting at the lowest desired mean temperature, the system 

is brought to steady state, the temperature and heat flux data are recorded, and then the power 

supplied to the heater is increased to bring the system to the next temperature range.   

PolyJet™ VeroWhitePlus, TangoBlackPlus, and Grey60 (a “digital” material composed of both 

VeroWhitePlus and TangoBlackPlus) photopolymer samples are printed on the Objet 

Connex350.  These three PolyJet™ photopolymers are of interest since they have varying 

mechanical characteristics; VeroWhitePlus is a rigid material, TangoBlackPlus is rubber-like, 

and Grey60, which is a blend of the two, is polypropylene-like.  As described in Section 1.1, 

material jetting additive manufacturing enables the fabrication of functionally graded materials, 

and Grey60 is a 50/50 combination of VeroWhitePlus and TangoBlackPlus.   

Each sample is printed with a cross-sectional area of 50.8 mm by 50.8 mm (2 in by 2 in), which 

corresponds to the dimensions of the hot plate in the setup.  The TangoBlackPlus and Grey60 

samples, however, are printed with a thin outside border (1.905 mm (0.075 in) thick) of 

VeroWhitePlus to provide structural support.   

To further verify the thermal conductivity measurements from the heat flow meter technique, 

three samples of different thicknesses are printed for each material.  The thermal conductivity of 

a bulk material is independent of the sample thickness, so the resulting thermal conductivity 
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values of each material should not vary for each mean temperature.  The samples are printed 

with thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm (0.250 in, 0.375 in, and 0.500 in), and 

the actual thicknesses of the printed samples are measured using a Starrett micrometer.  The 

thicknesses of the samples are measured before they are placed into the heat flow meter setup, 

and since TangoBlackPlus and Grey60 are compressible materials, the VeroWhitePlus border is 

used to maintain the measured thickness under the applied load.  

 Calibration Setup 3.2

Before testing the printed PolyJet™ samples the heat flow meter setup is first calibrated using a 

sample with a known thermal conductivity.  The selected calibration material, Pyrex, has 

reported thermal conductivity values that are on the same order of magnitude as the expected 

thermal conductivity range of the PolyJet™ photopolymers.  The reported room temperature 

thermal conductivity of Pyrex is 1.177 W/(m·K) [26]; Kovacs and coauthors used the transient 

hot plate method to measure the thermal conductivity of Fullcure 720 and found it to vary 

between 0.178 and 0.187 W/(m·K) for temperatures ranging from 20 to 90 °C [12].  The Pyrex 

sample has a cross-sectional area of 50.8 mm by 50.8 mm (2 in by 2 in), with a thickness of 

6.581 mm (measured with the Starrett micrometer).  

3.2.1 Calibration Procedure 

The main purpose of the heat flow meter calibration process is to determine the thermal 

resistance of the interfaces at each of the mean temperatures.  The heat flux and temperature data 

from the calibration sample measurements are used to calibrate the thermal conductivity 

calculations for the PolyJet™ samples.  When calibrating the heat flow meter system, Fourier’s 

law (Equation 2-2) is rewritten as shown in Equation 3-1: 
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                                                         (3-1)                                                      

where Rs is the thermal resistance of the specimen (m
2
·K/W), N is the heat flux sensor calibration 

factor (V/(W/m
2
)), T1 is the temperature of the hot side (°C), T2 is the temperature of the cold 

side (°C), Q is the heat flux sensor output (V), and Ro is the thermal resistance of the interfaces 

(m
2
·K/W) [26].  The values for T1, T2, and Q are obtained from the heat flow meter 

measurements, and the heat flux sensor has a provided value for N.  The known thermal 

conductivity values of the calibration specimen, k (W/(m·K)), are used to determine their 

respective thermal resistances by using Equation 3-2: 

   
 

 
                                                                 (3-2)                                                                 

where L is the thickness of the sample (m) [26].  The guarded heat flow meter standard [26] 

reports the thermal conductivity of Pyrex as a function of temperature; these data are listed in 

Table A-1 in Appendix A, and linear interpolation is used to determine the value of k for each of 

the mean temperatures.  Accordingly, Equations 3-1 and 3-2 are used to solve for the thermal 

resistance of the interfaces, Ro, at each of the mean temperatures.  When using these calibrated 

values of Ro to determine the thermal conductivity of the PolyJet™ photopolymers, linear 

interpolation is used since it is not possible to achieve the exact same mean temperatures for each 

sample.  As a result, thermal conductivity calibration data are collected for a fifth mean 

temperature to ensure that the calibrated values for Ro are not extrapolated when determining the 

thermal conductivity of the PolyJet™ photopolymer samples. 
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Once the calibration process is complete, the thermal conductivity of the PolyJet™ 

photopolymers, k, is determined by applying the calibrated values of Ro, the constant value of N, 

as well as the measured values of T1, T2, Q, and L, to Equations 3-1 and 3-2. 

3.2.2 Calibration Results 

A 6.581 mm thick Pyrex sample is used, and the resulting calibration data are listed in Table 3-1.  

The second, third, and fourth columns in the table correspond to either a variable or group of 

variables that is used in Equations 3-1 and 3-2 to calculate the thermal resistance of the 

interfaces, Ro, for each mean temperature.  The fourth column shows the calculated values of the 

Pyrex thermal resistance, N·(T1-T2)/Q, which are compared to the expected values of thermal 

resistance, Rs, to determine Ro.  The heat flux sensor has a reported calibration factor of 6.43·10
-8

 

V/(W/m
2
), but since this sensor has not been used recently it is recalibrated; the revised 

calibration factor is 5.70·10
-8

 V/(W/m
2
).  All of the raw heat flow meter data (T1, T2, and Q 

measurements) are listed in Table A-2 in Appendix A.     

Table 3-1. Pyrex heat flow meter calibration data for each mean temperature. The 

second, third, and fourth columns of this table correspond to a variable or a group of 

variables that is used in Equations 3-1 and 3-2 to calculate the resistance of the 

interfaces.  The last column shows the percent error between the calculated and 

expected thermal resistance values.  The calculations are based on a sample thickness 

of 6.581 mm and a heat flux sensor calibration factor of 5.70·10
-8

 V/(W/m
2
). 

Mean T 

(°C) 

k 

(W/(m·K)) 

Rs  

(m
2
·K/W) 

N·(T1-T2)/Q   

(m
2
·K/W) 

Ro  

 (m
2
·K/W) 

Ro/ Rs 

% Error 

39.05 1.188 5.539E-03 6.464E-03 9.248E-04 16.70 

63.85 1.208 5.450E-03 6.052E-03 6.027E-04 11.06 

86.54 1.225 5.370E-03 5.922E-03 5.518E-04 10.28 

108.63 1.244 5.289E-03 5.630E-03 3.405E-04 6.44 

130.21 1.264 5.205E-03 5.442E-03 2.374E-04 4.56 
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The difference between the calculated and expected thermal resistance values (the thermal 

resistance of the interfaces, Ro) is within 4%-17% of the expected value of Rs, which is a 

reasonable amount of error due to contact resistance; these percent error values are reported in 

the final column of Table 3-1.  If the Ro values were significantly larger than the expected Rs 

values, however, the heat flow meter test setup would need to be modified in order to reduce the 

contact resistance between the interfaces.  The calibrated values of Ro are then subsequently used 

in the thermal conductivity calculations for the PolyJet™ photopolymers. 

 PolyJet™ Photopolymer Thermal Conductivity Results 3.3

The PolyJet™ photopolymer thermal conductivity data are acquired for three different samples, 

with thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm (0.250 in, 0.375 in, and 0.500 in), for 

the VeroWhitePlus, TangoBlackPlus, and Grey60 materials.  The raw data from the heat flow 

meter measurements of each sample are listed in Table B-1 for VeroWhitePlus, Table B-2 for 

TangoBlackPlus, and Table B-3 for Grey60, in Appendix B.1.  In addition, all of the values used 

in Equations 3-1 and 3-2 to calculate k for each thickness are listed in Table B-4 for 

VeroWhitePlus, Table B-5 for TangoBlackPlus, and Table B-6 for Grey60, in Appendix B.2.   

The resulting thermal conductivity data for the VeroWhitePlus, TangoBlackPlus, and Grey60 

PolyJet™ photopolymers are shown in Figures 3-2, 3-3, and 3-4, respectively.  Each plotted data 

point represents a single measurement for the corresponding combination of thickness, mean 

temperature, and PolyJet™ photopolymer.  The ultimate goal of the heat flow meter technique, 

however, is to model these thermal conductivity values as a function of temperature.  Therefore 

trendlines are applied to the data set of each material to describe how thermal conductivity 

changes with respect to temperature; these trendlines are also plotted in Figures 3-2, 3-3, and 3-4 

along with their respective coefficients of determination (R
2
 values). 
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Figure 3-2. Plot of the calculated VeroWhitePlus thermal conductivity data as a function of 

temperature.  Data are obtained for samples with three different thicknesses. 

 

 

Figure 3-3. Plot of the calculated TangoBlackPlus thermal conductivity data as a function 

of temperature.  Data are obtained for samples with three different thicknesses. 
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Figure 3-4. Plot of the calculated Grey60 thermal conductivity data as a function of 

temperature.  Data are obtained for samples with three different thicknesses. 

 

 PolyJet™ Photopolymer Thermal Conductivity Discussion 3.4

The thermal conductivity trendlines resulting from these experiments decrease as temperature 

increases. This contradicts Kovacs and coauthors’ prior work, which found that the thermal 

conductivity of Fullcure 720  increased with temperature [12].  However, Kovacs and coauthors 

examined a different material than those explored here, and their results are still on the same 

order of magnitude (between 0.178 and 0.187 W/(m·K) for temperatures ranging from 20 to 90 

°C [12]).   

To make sure that the measurement setup is still operating properly after evaluating all of the 

PolyJet™ photopolymer samples, the same Pyrex sample used for the calibration process is 

evaluated once again using the heat flow meter system.  The second set of calibration results 
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agrees with the first set reported in Subsection 3.2.2, thus confirming that the heat flow meter 

setup is operating properly. 

In theory, the resulting thermal conductivity measurements should not change between 

thicknesses, but there are varied results between sample thicknesses of the same material.  The 

R
2
 values for the VeroWhitePlus, TangoBlackPlus, and Grey60 thermal conductivity trendlines 

are 0.62, 0.81, and 0.67, respectively.  These values indicate that there is a relationship between 

the thermal conductivity and mean temperature of each material, but the correlation is not very 

strong due to the variation between each sample thickness data set.  There is no apparent trend 

that is a function of the thickness (e.g., thicker samples yield higher thermal conductivity 

values); however, the thermal conductivity results for each sample thickness are consistently 

separated.  There is a distinct offset between each sample thickness data set (across mean 

temperatures and materials), which suggests that there is error in the sample thickness 

measurements.   

The effect of sample thickness on the resulting thermal conductivity measurements is 

investigated further.  A statistical analysis is conducted to test the null hypothesis that there is no 

difference in the thermal conductivity measurements with respect to sample thickness.  

Specifically, JMP Pro 11.0.0 is used to set up a Kruskal-Wallis nonparametric test with a 

significance level (α) of 0.05 to test the null hypothesis.  All of the thermal conductivity values 

(classified as continuous data) are entered with the respective variables of material, mean 

temperature, and thickness (all treated as categorical data for this analysis).  The Kruskal-Wallis 

test is set up to compare the average values of thermal conductivity when the data are sorted by 

category of sample thickness (6.350 mm, 9.525 mm, and 12.700 mm), as shown in Figure B-1 in 

Appendix B.3; each sample thickness category includes all of the thermal conductivity data for 
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each combination of material and mean temperature.  The results from the Kruskal-Wallis test 

are shown in Table B-7 in Appendix B.3.  The resulting p-value of 0.7324 is much larger than 

the specified significance level (0.05), which means that there is not enough evidence to reject 

the null hypothesis.  As a result, it appears that sample thickness does not affect the thermal 

conductivity measurements, but there is only one data point for each combination of material, 

mean temperature, and thickness.  To be more confident with the conclusion of this statistical 

analysis, more thermal conductivity data should be taken for each sample thickness. 

Although there are not enough resources to take more data for every combination of material and 

thickness, one additional trial is conducted for the thinnest sample (6.350 mm) of VeroWhitePlus 

to further analyze the error in the heat flow meter results.  Thermal conductivity data are 

collected for the same four mean temperatures, and since it is unknown how heating and cooling 

affect the thermal conductivity of these photopolymers, a new sample is used.  The raw data 

from the heat flow meter measurements of the new sample are listed in Table B-8 in Appendix 

B.4, and all of the values used in Equations 3-1 and 3-2 to calculate the thermal conductivity are 

listed in Table B-9 in Appendix B.4.  The resulting thermal conductivity data for the new 6.350 

mm VeroWhitePlus sample are shown in Figure 3-5 along with the thermal conductivity data for 

the original sample.   
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Figure 3-5. Plot of the calculated thermal conductivity data as a function of temperature 

for 6.350 mm thick VeroWhitePlus samples.  Thermal conductivity data are obtained for a 

new sample and are plotted with the data collected from the original sample. 

 

As shown in Figure 3-5, there is variation in the thermal conductivity data when comparing the 

results from the original and new samples; the maximum variation occurs for the highest mean 

temperature (approximately 108°C) with a difference of 1.43%.  Similar variations in the thermal 

conductivity data are also observed between different sample thicknesses of the same material.  

For example, when comparing the thermal conductivity results of the Grey60 6.350 mm and 

9.525 mm samples (shown in Figure 3-4), the maximum variation between the two data sets 

occurs at the second highest mean temperature (approximately 87°C) with a difference of 0.97% 

between the two data sets.  This comparison shows that the discrepancies in the measurements 

are due to unidentified parameters as opposed to the sample thickness. 

Although there are discrepancies in the measurements, the overall variation in the data is 

relatively small.  The percent variation between each thermal conductivity data point (one value 
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for each combination of material, mean temperature, and sample thickness) and the average 

thermal conductivity value for the respective mean temperature and material is calculated; Table 

3-2 shows the minimum, maximum, and average values for each PolyJet™ photopolymer.  

VeroWhitePlus has the highest values for both maximum and average percent variations (5.18% 

and 2.54%, respectively), but the amount of variation is not significantly large and is not too 

much higher than the amount of variation for the TangoBlackPlus and Grey60 results. 

Table 3-2. Percent variation data for each of the PolyJet™ photopolymers (all 

thicknesses and mean temperatures included).  The calculated percent variation 

is between a single thermal conductivity data point (one for each combination of 

material, mean temperature, and sample thickness) and the average thermal 

conductivity value for the respective mean temperature and material. 

Material 
Minimum 

% Variation 

Maximum  

% Variation 

Average  

% Variation 

VeroWhitePlus 0.66 5.18 2.54 

TangoBlackPlus 0.03 3.27 1.72 

Grey60 0.05 3.88 1.48 

 

When evaluating the variation in the results, it is also worthwhile to investigate how sensitive the 

thermal conductivity calculations are to the different variables.  The only measurements that are 

collected (outside of the calibration process) to calculate the thermal conductivities (k) of the 

PolyJet™ photopolymers are of the temperature drop across the sample (T1 - T2), the heat flux 

sensor output (Q), and the sample thickness (L).   

To evaluate how sensitive the thermal conductivity calculations are to these variables, a 

particular data set is selected and each of the aforementioned variables ((T1 - T2), Q, and L) is 

increased by 5%.  The thermal conductivity sensitivity of the 12.700 mm VeroWhitePlus sample, 

for a mean temperature of 62.76 °C, is selected for this evaluation since this data set displays the 

maximum percent variation (5.18%) out of all of the combinations of material, mean 
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temperature, and sample thickness.  The sensitivity results are presented in Table 3-3.  The 

increased values for each modified variable are used to recalculate the thermal conductivity 

(listed as “changed k”) one at a time; the changed k values are then compared to the original 

thermal conductivity value (0.2506 W/(m·K)) by determining the percent difference. 

Table 3-3.  Sensitivity data for the thermal conductivity calculations of the 

12.700 mm VeroWhitePlus sample for a mean temperature of 62.76 °C; the 

actual calculated thermal conductivity value for this data set is 0.2506 

W/(m·K).  Each of the variables listed is increased by 5% to evaluate how 

much each change would affect the resulting thermal conductivity value. 

Variables 

increased by 5% 

(T1 - T2 )  

(°C) 

Q  

(V) 

L  

(m) 

Changed k 

(W/(m·K)) 
0.2385 0.2633 0.2631 

% Difference  

from actual k 
-4.82% 5.06% 5.00% 

 

The thermal conductivity has a similar sensitivity to each of the three variables; the thermal 

conductivity calculations are most sensitive to the heat flux measurements (5.06% increase) and 

least sensitive to the temperature drop measurements (4.82% decrease).  In addition, due to the 

linear nature of the equations used to calculate thermal conductivity (Equations 3-1 and 3-2), any 

error present in the individual measurements directly translates to almost the same amount of 

error in the thermal conductivity calculations.  It must be noted, however, that the thermal 

conductivity for data sets with different mean temperatures will have slightly different 

sensitivities to the heat flux and temperature drop measurements.  The calibrated value for the 

thermal resistance of the interfaces (Ro), which is also applied to Equation 3-1, is different for 

different mean temperatures, and will have a varying effect on the sensitivity of the thermal 

conductivity (larger effect for lower mean temperatures).  Furthermore, when there are errors 

present in all three measurements, the individual effects are compounded and induce more total 
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error in the thermal conductivity calculations.  As a result, a maximum percent variation of 

5.18% in the calculated thermal conductivity values seems reasonable when taking into account 

the inherent error present in all three of the aforementioned measured variables ((T1 - T2), Q, and 

L). 

To better compare the results of the VeroWhitePlus, TangoBlackPlus, and Grey60 samples, 

Figure 3-6 shows the overall thermal conductivity trendlines for all three materials.  The thermal 

conductivity values of all three materials are very close, and the data follow similar polynomial 

trends of thermal conductivity decreasing with temperature.  It is surprising, however, that the 

majority of the Grey60 trendline does not fall between the VeroWhitePlus and TangoBlackPlus 

trendlines.  Since Grey60 is a 50/50 combination of VeroWhitePlus and TangoBlackPlus, it 

would be reasonable to assume that the resulting physical properties of Grey60, including 

thermal conductivity, would also be a blend of the two materials.  Grey60 may in fact have lower 

thermal conductivity values, but the aforementioned variation between the measurements may 

also have an impact on the materials’ relative thermal conductivities. 
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Figure 3-6. Plot of the thermal conductivity trendlines as a function of temperature for 

VeroWhitePlus, TangoBlackPlus, and Grey60. 

 

To take a closer look at the spread of the measurements, the range of thermal conductivity data 

for each material is plotted as a function of mean temperature, as shown in Figure 3-7.  Each 

horizontal tick mark represents the thermal conductivity value for one of the three sample 

thicknesses of each combination of mean temperature and material, and the crosses indicate the 

average thermal conductivity value for that specific mean temperature and material.  Since the 

results of all three PolyJet™ photopolymers are so similar, there is a lot of overlap when 

comparing the materials’ thermal conductivity ranges for each mean temperature. 
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Figure 3-7. Plots comparing the thermal conductivity of VeroWhitePlus, TangoBlackPlus, 

and Grey60, for each of the four mean temperatures. Each tick mark represents the 

thermal conductivity value for one of the three samples of each combination of mean 

temperature and material, and the crosses indicate the average thermal conductivity value 

for that specific mean temperature and material. 

 

As seen in Figure 3-7, the spread of the data, and therefore overlapping thermal conductivity 

values, is more prevalent at lower temperatures.  This trend can also be seen when comparing the 

aforementioned percent variation as a function of mean temperature (as opposed to a function of 
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material type); Table 3-4 shows the minimum, maximum, and average values of percent 

variation for each mean temperature, which includes the data for all three materials.   

Table 3-4. Percent variation data for each of the mean temperatures (all 

thicknesses and materials included).  The calculated percent variation is 

between a single thermal conductivity data point (one for each combination of 

material, mean temperature, and sample thickness) and the average thermal 

conductivity value for the respective mean temperature and material. 

Mean T 

(°C) 

Minimum  

% Variation 

Maximum  

% Variation 

Average  

% Variation 

39.05 0.03 3.88 2.41 

63.85 0.61 5.18 2.31 

86.54 0.34 4.38 1.93 

108.63 0.05 2.02 1.02 

 

The overall average variation across all three materials decreases as the mean temperature 

increases, which reflects the relative noise in the measured data.  As the mean temperature 

increases, the heat flux through each sample increases as well, thus increasing the voltage output 

of the heat flux sensor.  The voltage output of the heat flux sensor is very small (V·10
-5

), so as 

the voltage output increases, the effects of the thermocouple input module’s noise floor would be 

reduced.  In addition, as the mean temperature increases, the temperature drop across each 

sample increases as well; any constant errors present in the individual thermocouple readings 

would be minimized as the relative magnitude of the temperature drop increases. 

The decreasing trend in average percent variation for increasing mean temperatures also parallels 

the trend of the Grey60 thermal conductivity data approaching those of TangoBlackPlus as the 

mean temperature increases (as depicted in Figure 3-6).  If there was less spread in the data for 

each mean temperature, the Grey60 thermal conductivity values may have been closer to the 

TangoBlackPlus results.  Although the measured Grey60 thermal conductivity values do not fall 
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between the VeroWhitePlus and TangoBlackPlus results, the thermal conductivity values of all 

three materials are close, and considering the low magnitude of the percent variation, the results 

are within reason.  The practicality of these thermal conductivity results, however, will be 

verified through physical testing, as described in Chapter 4. 

 Thesis Roadmap 3.5

Section 3.1 provided details of the testing procedure used to carry out the heat flow meter 

technique, while Section 3.2 explained the process used to calibrate the measurements from this 

method.  The resulting calibration data for the thermal resistance of the interfaces were also 

presented in Section 3.2, and the thermal conductivity measurements for VeroWhitePlus, 

TangoBlackPlus, and Grey60 were reported and then discussed in Sections 3.3 and 3.4, 

respectively.   

The resulting thermal conductivity values, expressed as functions of temperature, are applied in 

finite element analysis (FEA) heat transfer simulations, as described in Chapter 4.  These models 

are used to predict the thermal distribution throughout heated PolyJet™ parts, and the simulation 

results are compared to temperature measurements from a physical model.  
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4 FEA & Physical Models – Methods & Results 

The thermal conductivities of the PolyJet™ photopolymers presented in Chapter 3 are useful 

parameters for modeling heat transfer in printed parts, but the measured values of thermal 

conductivity must first be verified.  In this chapter, the thermal conductivity values reported in 

Section 3.3 are applied to a finite element analysis (FEA) model in order to predict the 

temperature gradient throughout a heated part.  The FEA results are then confirmed by 

measuring temperatures at different points in a corresponding physical model.  This process is 

completed for the VeroWhitePlus, TangoBlackPlus, and Grey60 materials.  Section 4.1 first 

provides an overview of, and the design rational for, the verification test setup.  Section 4.2 

discusses the parameters and assumptions used in the FEA simulations and also describes the 

physical setup used to verify the FEA model.  Finally, Section 4.3 reports and compares the 

results of both the FEA and physical models. 

 Overview and Rationale of the Verification Test Setup 4.1

The verification test setup is very similar to the setup used in the heat flow meter technique 

where one-dimensional, steady state conduction is established through a block of PolyJet™ 

photopolymer.  However, this setup is looking at the temperature distribution throughout the 

thickness of the part.  Previously with the heat flow meter method, only the heat flux and the 

temperatures of the samples’ external surfaces were measured while the parts were heated.  This 

time, in order to verify the measured thermal conductivity values, the cold side temperature and 

heat flux through the part are used to predict the internal and hot side temperatures of the 

specimen.  A diagram of the verification test setup is shown in Figure 4-1. 
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Figure 4-1. Diagram of the verification test setup used in the FEA simulations and in the 

physical models. 

 

Test parts are modeled with a thickness of 40 mm and a cross-sectional area of 50.8 mm by 50.8 

mm (2 in by 2 in), and are fabricated in VeroWhitePlus, TangoBlackPlus, and Grey60 materials.  

The TangoBlackPlus and Grey60 samples are again modeled with the same thin outside border 

(1.905 mm (0.075 in) thick) of VeroWhitePlus to provide structural support in the physical setup.  

This model is thicker than the heat flow meter samples so it would be easier to see and measure a 

distinct thermal distribution throughout the part.  There are seven locations inside the model to 

measure temperatures at different points, which are spaced at 5 mm increments in the direction 

of the heat flux.  In addition, these locations are spaced horizontally from the center so that when 

thermocouples are placed at these points in the physical setup there is an uninterrupted thermal 

pathway from the heater to each thermocouple. 
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The selected experimental configuration was chosen because it is a simple model that has known 

boundary conditions (straightforward FEA simulation setup) and the physical measurements are 

easy to verify.  This verification model is similar to the physical setup used by Kovacs and 

coauthors [12], but there are some main differences.  The first difference is that, although the 

locations of their thermocouples are also spaced horizontally, the placement of these points 

continues to diverge away from the centerline when moving further away from the heat source.  

Temperature measurements that are further away from the heat source, however, are more likely 

to be affected by thermal edge losses since it is not possible to achieve 100% one-dimensional 

conduction with this setup.  Therefore, the proposed thermocouple placement, as shown in 

Figure 4-1, is varied closer and further away from the vertical centerline when moving away 

from the heat source in order to detect if edge losses have an impact on the measured internal 

temperatures.  The second difference is that Kovacs and coauthors used boreholes in their design 

to insert the thermocouples.  The proposed physical setup has thermocouples embedded inside 

the printed part using the process described in Section 1.2 (more details on the rationale behind 

this decision are provided in Subsection 4.2.2). 

Three different heat fluxes are applied to each sample to check the validity of the thermal 

conductivity values that were presented in Section 3.3.  To be consistent with the method used to 

gather the thermal conductivity data, the cold side and hot side temperatures for this verification 

test setup are kept near the range of minimum and maximum temperatures measured in the heat 

flow meter analysis (T1 and T2); see Tables B-1, B-2, and B-3 in Appendix B.1 for these 

temperature measurements.  More details about the way this verification test setup is applied to 

both the FEA simulations and the physical models are described in Section 4.2. 
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 Methods for the Verification Test Setup 4.2

The methods applied to the FEA models are designed to simulate the physical setup methods as 

closely as possible to verify the thermal conductivity values of the PolyJet™ photopolymers.  A 

description of the methods used to carry out both the FEA simulations and the physical models 

are presented in Subsections 4.2.1 and 4.2.2, respectively. 

4.2.1 FEA Model 

The FEA simulations are set up and implemented using the Fluid Flow (Fluent) analysis system 

in the ANSYS Workbench (version 14.5.0) software package.  The Workbench environment 

facilitates the organization of all the components necessary to complete the analysis by 

establishing the geometry, mesh, setup, solution, and results of the model. 

The geometry used in an FEA simulation is first created using Autodesk Inventor 2013 and is 

then imported into the ANSYS Workbench project.  Once imported, ANSYS Meshing uses the 

geometry to generate the mesh of the model; the resulting meshes used for the PolyJet™ 

photopolymers are shown in Figure 4-2.  TangoBlackPlus and Grey60 have a different mesh than 

the VeroWhitePlus part in order to incorporate the extra VeroWhitePlus border in the model 

simulation.  The surfaces that are used to specify the boundary conditions in the FEA simulations 

are also labeled in Figure 4-2. 
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Figure 4-2. Meshes generated by ANSYS Meshing for the FEA simulations.  The 

TangoBlackPlus and Grey60 models require a separate mesh since they have an outside 

border of VeroWhitePlus.  The surfaces that are used to specify the boundary conditions in 

the FEA simulations are also labeled. 

 

After the mesh is generated, ANSYS Fluent is used for the FEA setup, solution, and results.  

Most of the setup settings are kept as the default, but there are a few main parameters that are 

adapted for these particular models.  The first change is enabling the calculation of energy in 

order to model heat transfer.  Next, all of the PolyJet™ photopolymer material properties are 

saved in the available materials list; a summary of the properties used for each material is listed 

in Table 4-1.  The thermal conductivity values are from the heat flow meter results reported 

previously in Section 3.3.  There are two settings saved for thermal conductivity because two 

simulations are run for each material; one simulation has thermal conductivity as a function of 
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temperature (in K since that is what Fluent requires) and the other uses an average value of 

thermal conductivity.  (The average values listed in Table 4-1 are the averages of the thermal 

conductivities across all of the mean temperatures for each material.)  The results of the two 

separate simulations are then compared to see how much expressing thermal conductivity as a 

function of temperature affects the accuracy of the FEA models.  

Table 4-1. PolyJet™ photopolymer material properties used in the setup of the 

ANSYS Fluent FEA simulations. 

Material  
Thermal Conductivity  

(Function of T (K)) (W/(m·K)) 
Thermal Conductivity 

(Average) (W/(m·K)) 

VeroWhitePlus k = 4.450E-06T
 2
 - 3.429E-03T + 8.891E-01 0.2376 

TangoBlackPlus k = 4.470E-06T
 2
 - 3.463E-03T + 8.914E-01 0.2307 

Grey60 k = 4.168E-06T
 2
 - 3.111E-03T + 8.023E-01 0.2272 

 

Once the material properties are saved, they are then applied to the different cell zone conditions 

in the model.  These cell zones, however, must first be specified as being solids (as opposed to 

fluids) since these FEA simulations are modeling conduction through solid materials.  The last 

part of the setup to be modified is the boundary conditions.  Table 4-2 describes the thermal 

boundary conditions that are applied to the surfaces of each model, which are labeled in Figure 

4-2.  The values for the hot and cold sides are gathered from the physical test setup, which is 

later described in Subsection 4.2.2, and the insulated sides are set to have zero heat flux.  Ideally, 

the insulation surrounding the physical setup is meant to promote one-dimensional conduction 

from the hot side to the cold side of the model, so it is assumed that there are zero edge losses.  

The border interface, which only appears in the TangoBlackPlus and Grey60 models, is the 

boundary between the bulk material and the VeroWhitePlus border.  ANSYS Fluent recognizes 

that this is the boundary between two separate regions, so it assigns the border interface a 

coupled thermal condition, and therefore does not require any additional settings. 
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Table 4-2. Boundary condition settings used for each of the surfaces in the setup of 

the ANSYS Fluent FEA simulations.  *The Border Interface boundary condition 

only applies to the TangoBlackPlus and Grey60 models. 

Boundary Name Thermal Condition Selected Setting 

Hot Side Heat Flux (W/m
2
) Measurement from physical model 

Cold Side Temperature (K) Measurement from physical model 

Insulated Sides Heat Flux (W/m
2
) 0 

Border Interface* Coupled N/A 

 

Finally, the solution and results settings are applied.  Again, most of the solution settings are kept 

as the default, but some surface monitors are added to mimic the thermocouples used in the 

physical setup.  Virtual point temperature monitors are defined with coordinates that match the 

placement of the thermocouples used in the physical model (as outlined in Figure 4-1).  Next the 

calculations are run once the number of iterations is set; the number of iterations is set to 50, 

even though it usually takes fewer than 10 iterations for the solution to converge.  After the 

solution has converged, the resulting internal temperatures are plotted and compared to the 

results of the physical model. 

4.2.2 Physical Setup 

The first part of preparing the physical setup is printing the PolyJet™ photopolymer samples.  

Since the thermocouples used to measure the internal temperatures of the samples are embedded 

inside, additional work is required to prepare the samples.  As shown in Figure 4-3, voids for 

each thermocouple are incorporated in the computer-aided design (CAD) model of each part, and 

the placement of the voids matches the thermocouple arrangement shown in Figure 4-1.  Each 

void stops halfway through the part, so the embedded thermocouples can measure the 

temperatures in the middle of the sample.  In addition, there is a separate CAD model for the 

TangoBlackPlus and Grey60 parts to incorporate the thin outside border of VeroWhitePlus. 
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Figure 4-3. CAD models of the parts used in the physical verification setup.  Voids are 

incorporated in the design to accommodate the embedded thermocouples, and there is a 

separate CAD model for the TangoBlackPlus and Grey60 parts to include the thin outside 

border of VeroWhitePlus. 

 

The thermocouples are embedded and glued into place inside the parts to maximize the thermal 

contact between each thermocouple and the surrounding PolyJet™ photopolymer.  With the 

designs shown in Figure 4-3, there are no overhangs or internal holes (with the thermocouples 

embedded), so these models can be printed without support material (i.e., with the support 

material feature turned off in the printer’s configuration file).  This is an advantage since there is 

no residual support material, which is usually removed from the embedding voids, thus 

maximizing the contact between the thermocouples and the printed material.  This process is also 

preferred to simply incorporating boreholes into the printed design since it would be difficult to 

clean support material out of the small boreholes. 
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Once the CAD models are finalized, three samples (one for each PolyJet™ photopolymer) are 

printed on the Objet Connex350, with thermocouples embedded inside. A picture of the 

embedding process is shown in Figure 4-4.  The printing process is paused when the last layer of 

each thermocouple void is deposited, and a T-type thermocouple (made at Virginia Tech) is 

glued into the channel using Loctite 4305 (a UV curing adhesive).  Once the thermocouple is 

glued in place, the build process is resumed; the build process is paused a total of seven times, 

once for each thermocouple.   

 

Figure 4-4. Pictures of the thermocouple embedding process for the physical setup.  The 

photo on the left shows the channel designed for the thermocouple, and the photo on the 

right shows the thermocouple glued into place. 

 

The second aspect of preparing the physical verification experiment is configuring the 

measurement setup.  The physical verification measurement setup utilizes the same basic system 

that was used for the heat flow meter technique (outlined in Section 3.1), but with a few changes. 

A picture of this revised setup is depicted in Figure 4-5.  The main difference is that, although 

the same heat flux sensor is used (RdF Corporation (HFS-20455-1)), it is now placed on the hot 
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side of the assembly.  The new placement of the heat flux sensor matches the hot side boundary 

condition used in the FEA simulations. 

 

Figure 4-5. Picture of the setup used for the physical verification test. 

For each PolyJet™ photopolymer part, three different heat fluxes are applied by using the Variac 

to vary the voltage supplied to the heater.  Starting at the lowest heat flux, the system is brought 

to steady state, the temperature and heat flux data are recorded, and then the power supplied to 

the heater is increased to bring the system to the next heat flux.  Only one data set is collected for 

each combination of PolyJet™ photopolymer and applied heat flux since it is not possible to 

apply a repeatable heat flux.  The Variac, which is used to regulate the voltage supplied to the 

resistive heater, is controlled by an analog dial; it is not possible to apply a repeatable heat flux 

to each material without a digital input controller.   

The heat flux, hot side temperature, and cold side temperature data are again recorded with the 

National Instruments thermocouple input module (NI cRIO-9211).  The temperatures of the 
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seven internal points are acquired using a National Instruments data acquisition (DAQ) device 

(NI USB-6341).  The NI cRIO-9211 input module does not have enough channels to 

accommodate the additional thermocouples, and the NI USB-6341 DAQ does not have high 

enough resolution to measure the small voltage outputs of the heat flux sensor; therefore, two 

separate input devices are used. 

 Results of the Verification Test Setup 4.3

The results of the verification test setup are presented in the following section.  First the results 

of both the FEA and physical models are reported separately in Subsections 4.3.1 and 4.3.2, 

respectively.  Next, these results are compared in Subsection 4.3.3 to show how well the 

measured thermal conductivity values can be used to predict thermal distributions in heat transfer 

simulations of PolyJet™ parts. 

4.3.1 FEA Simulation Results  

Separate FEA simulations are run for each PolyJet™ photopolymer.  The settings used for the 

hot and cold side boundary conditions are based on the actual physical conditions (later 

presented in Subsection 4.3.2), and are listed in Table 4-3.  Two simulations are run for each 

combination of PolyJet™ photopolymer and set of boundary conditions; one simulation uses 

thermal conductivity as a function of temperature and the other uses an average value of thermal 

conductivity.  (Both the temperature-dependent functions and constant values of thermal 

conductivity used for each material were presented in Table 4-1.)  The resulting simulated values 

from the point temperature monitors are listed in Table C-1 for VeroWhitePlus, Table C-2 for 

TangoBlackPlus, and Table C-3 for Grey60, in Appendix C.  These simulated temperatures are 

plotted as a function of distance from the hot side for the VeroWhitePlus, TangoBlackPlus, and 

Grey60 PolyJet™ photopolymer samples as shown in Figures 4-6, 4-7, and 4-8, respectively. 
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Table 4-3. Values applied to the hot and cold side boundary conditions 

used in the setup of the ANSYS Fluent FEA simulations. 

Material 
Hot Side Heat Flux 

(W/m
2
) 

Cold Side Temperature 

(K) 

VeroWhitePlus 

349.53 295.57 

769.92 294.76 

1261.25 296.32 

TangoBlackPlus 

362.52 292.67 

783.29 295.81 

1147.10 297.81 

Grey60 

358.60 292.76 

764.36 295.01 

1208.05 292.83 

 

 

 

Figure 4-6. Plot of the VeroWhitePlus FEA simulation results for both thermal 

conductivity as a function of temperature (“k function”) and as an average value (“k 

constant”).  The temperature values are from the virtual point temperature monitors, and 

are plotted as a function of distance from the hot side for each applied heat flux. 
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Figure 4-7. Plot of the TangoBlackPlus FEA simulation results for both thermal 

conductivity as a function of temperature (“k function”) and as an average value (“k 

constant”).  The temperature values are from the virtual point temperature monitors, and 

are plotted as a function of distance from the hot side for each applied heat flux. 

 

 

Figure 4-8. Plot of the Grey60 FEA simulation results for both thermal conductivity as a 

function of temperature (“k function”) and as an average value (“k constant”).  The 

temperature values are from the virtual point temperature monitors, and are plotted as a 

function of distance from the hot side for each applied heat flux. 
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Almost all of the simulated temperatures from the models using thermal conductivity as a 

function of temperature fall below the temperatures from the models using constant thermal 

conductivity values.  However, as shown in Figures 4-6, 4-7, and 4-8, the results for the two FEA 

simulations are still very close.  The percent variation between the model that uses thermal 

conductivity as a function of temperature, and the other model that uses an average value of 

thermal conductivity, is calculated for each combination of material and applied heat flux; the 

minimum, maximum, and average percent variations for each combination are shown in Table 

4-4.  The average percent variation for each material (which includes data for all three applied 

heat fluxes) is also calculated and is listed as the overall percent variation in Table 4-4. 

Table 4-4. Percent variation data between the two FEA simulations (one uses thermal 

conductivity as a function of temperature and the other uses an average value of thermal 

conductivity).  The percent variation is calculated for each combination of PolyJet™ 

photopolymer and applied heat flux, and the overall average percent variation for each 

material is also listed. 

Material 
Hot Side Heat Flux 

(W/m
2
) 

Minimum 

% Variation 

Maximum 

% Variation 

Average 

% Variation 

Overall 

% Variation 

VeroWhitePlus 

349.53 0.03 0.65 0.47 

0.40 769.92 0.02 0.68 0.36 

1261.25 0.04 1.13 0.37 

TangoBlackPlus 

362.52 0.03 0.79 0.58 

0.41 783.29 0.00 0.67 0.34 

1147.10 0.07 0.63 0.30 

Grey60 

358.60 0.03 0.56 0.41 

0.39 764.36 0.05 0.47 0.26 

1208.05 0.08 1.66 0.50 

 

There does not appear to be a trend in percent variation across the applied heat fluxes or the 

PolyJet™ photopolymers (overall percent variation for each material ranges from 0.39% to 

0.41%).  This observation is not surprising since the thermal conductivity values for each 
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material do not vary too much as a function of temperature; the average thermal conductivity 

values for the mean temperatures stayed within the range of 0.2208 W/(m·K) to 0.2518 W/(m·K) 

for each material.  Although the results of the two FEA simulations are close together, they still 

need to be compared to the physical model results to determine to what extent using thermal 

conductivity as a function of temperature is beneficial in heat transfer modeling. 

However, before the FEA results are compared to the physical measurements, the grid resolution 

of the applied meshes must first be evaluated.  The grid convergence index (GCI) method [30] is 

used to quantify the numerical uncertainty due to the grid solution; details of the procedure to 

report errors are described by Celik and coauthors [31].  Solutions using a coarse grid (the 

default mesh size, which is used in all of the verification test FEA simulations) are compared to 

solutions using medium and fine grids.  The coarse grid is refined to generate the medium grid 

by approximately doubling the number of elements in each direction of the three-dimensional 

mesh, which results in approximately eight times more elements.  Similarly, the fine grid is 

generated by quadrupling the number of elements in each direction of the coarse grid, resulting 

in approximately sixty-four times more elements.  The fine, medium, and coarse grid resolutions, 

denoted with subscripts of 1, 2, and 3, have 3798613 elements, 484075 elements, and 58212 

elements, respectively. 

The GCI method is applied to the VeroWhitePlus FEA case for the highest applied heat flux 

(1261 W/m
2
) where the thermal conductivity is set as an average value.  Simulations are run for 

each grid resolution to predict the temperatures of the VeroWhitePlus part, and these 

temperatures are plotted as a function of distance from the hot side as shown in Figure 4-9; the 

extrapolated temperatures from the fine mesh are also plotted in Figure 4-9 using the GCI error 

extrapolation technique [31]. 
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Figure 4-9. Plot of the results for the VeroWhitePlus case where the highest heat flux is 

applied (1261 W/m
2
) and the thermal conductivity is set as an average value.  The 

temperature values from the coarse, medium, and fine grids are plotted as a function of 

distance from the hot side.  The extrapolated temperatures from the fine mesh (using the 

GCI error extrapolation technique) are also plotted. 

 

It is difficult to discern the differences between the predicted temperatures of each grid, so the 

temperature data are listed in Table 4-5 along with the apparent order, p, of the method and the 

values for GCI32 (medium grid) and GCI21 (fine grid).  When comparing the coarse and medium 

grid predictions, the GCI32 numerical uncertainty is very small, which implies that the 

temperature predictions based on the coarse grid are in excellent agreement with the medium 

grid resolution predictions.  With further grid refinement, there is more numerical uncertainty 

with the fine grid predictions than with the medium grid predictions, which indicates that further 

increasing the resolution will improve the results.  However, it should be noted that the GCI 

indicates that the numerical uncertainty is typically less than 1%.  The largest errors occur 

between 30 mm and 35 mm from the hot side, which is most likely due to the cold side boundary 
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in numerical accuracy is not justifiable in comparison to the increases in elements and CPU. 

Therefore, the FEA analyses based on the coarse grid have been shown to be reliable with 

minimal numerical uncertainty. 

Table 4-5. GCI results for the VeroWhitePlus case where the highest heat flux is applied 

(1261 W/m
2
) and the thermal conductivity is set as an average value.  The apparent order 

values are listed with the temperature and GCI results for the fine, medium, and coarse 

grids, denoted with subscripts of 1, 2, and 3, respectively.  All data are listed as a function 

of distance from the hot side. 

Distance from 

hot side (mm) 
0 5 10 15 20 25 30 35 40 

T3 (K) 505.07 479.34 453.63 427.92 402.23 376.55 350.87 325.20 299.53 

T2 (K) 501.95 476.70 451.62 423.62 398.89 374.28 346.73 322.28 297.85 

T1 (K) 486.64 461.50 435.62 412.01 387.57 363.77 341.72 318.62 296.99 

p 2.40 2.64 3.12 1.51 1.85 2.31 0.32 0.37 0.92 

GCI32 0.17% 0.13% 0.07% 0.67% 0.39% 0.18% 5.83% 3.74% 0.77% 

GCI21 0.94% 0.80% 0.61% 1.93% 1.43% 0.93% 7.38% 4.89% 0.41% 

 

4.3.2 Physical Measurements 

The results from the FEA simulations are verified with the physical models of each of the 

PolyJet™ photopolymers.  Data sets are collected for three different heat fluxes applied to each 

material sample, and the internal, hot side, and cold side temperatures, as well as the heat flux 

through the part, are measured.  The raw data from the physical verification measurements of 

each sample are listed in Table D-1 for VeroWhitePlus, Table D-2 for TangoBlackPlus, and 

Table D-3 for Grey60, in Appendix D.  These measured temperatures are plotted as a function of 

distance from the hot side for the VeroWhitePlus, TangoBlackPlus, and Grey60 PolyJet™ 

photopolymer samples as shown in Figures 4-10, 4-11, and 4-12, respectively.  Each plotted data 

point represents a single temperature measurement for the corresponding combination of applied 

heat flux and PolyJet™ photopolymer. 
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Figure 4-10. Plot of the VeroWhitePlus physical measurements, which include the hot side 

(0 mm), cold side (40 mm), and internal temperatures for each heat flux.  The temperature 

values are plotted as a function of distance from the hot side for each heat flux. 

 

 

Figure 4-11. Plot of the TangoBlackPlus physical measurements, which include the hot side 

(0 mm), cold side (40 mm), and internal temperatures for each heat flux.  The temperature 

values are plotted as a function of distance from the hot side for each heat flux. 
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Figure 4-12. Plot of the Grey60 physical measurements, which include the hot side (0 mm), 

cold side (40 mm), and internal temperatures for each heat flux.  The temperature values 

are plotted as a function of distance from the hot side for each heat flux. 

 

The resulting internal temperature measurements are reasonable and therefore show that the 
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does not seem to be affected by edge losses; the steady temperature trends shown in Figures 
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are in fact affecting the temperatures of the system (parallel to the heat flow) and could cause 

discrepancies between the physical model and FEA simulation results. 

The resulting temperature measurements are also similar across materials, which is consistent 

with the comparable thermal conductivity measurements of all three PolyJet™ photopolymers.  

It is not possible, however, to directly compare the physical model results of the VeroWhitePlus, 

TangoBlackPlus, and Grey60 materials since slightly different heat fluxes are applied to each 

sample.  (The Variac, which is used to regulate the voltage supplied to the resistive heater, is 

controlled by an analog dial; it is not possible to apply a repeatable heat flux to each material 

without a digital input controller.)  Even so, the physical results of the PolyJet™ photopolymers 

can be compared once the physical model measurements are related to their respective FEA 

simulation results. 

4.3.3 Thermal Conductivity Measurement Verification 

The FEA simulation results are compared to the physical model measurements to determine the 

utility of the thermal conductivity results for VeroWhitePlus, TangoBlackPlus, and Grey60.  For 

each combination of PolyJet™ photopolymer and applied heat flux, the resulting temperatures of 

the two FEA simulations as well as the physical measurements are plotted together as a function 

of distance from the hot side.  The low, middle, and high heat flux verification results are shown 

in Figures 4-13, 4-14, and 4-15 for VeroWhitePlus, Figures 4-16, 4-17, and 4-18 for 

TangoBlackPlus, and Figures 4-19, 4-20, and 4-21 for Grey60, respectively. 
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Figure 4-13. Plot of the VeroWhitePlus verification results for the two FEA simulations 

(thermal conductivity as a function of temperature (“k function”) and as an average value 

(“k constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 350 W/m
2
. 

 

 

Figure 4-14. Plot of the VeroWhitePlus verification results for the two FEA simulations 

(thermal conductivity as a function of temperature (“k function”) and as an average value 

(“k constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 770 W/m
2
. 
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Figure 4-15. Plot of the VeroWhitePlus verification results for the two FEA simulations 

(thermal conductivity as a function of temperature (“k function”) and as an average value 

(“k constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 1261 W/m
2
. 

 

 

Figure 4-16. Plot of the TangoBlackPlus verification results for the two FEA simulations 

(thermal conductivity as a function of temperature (“k function”) and as an average value 

(“k constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 363 W/m
2
. 
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Figure 4-17. Plot of the TangoBlackPlus verification results for the two FEA simulations 

(thermal conductivity as a function of temperature (“k function”) and as an average value 

(“k constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 783 W/m
2
. 

 

 

Figure 4-18. Plot of the TangoBlackPlus verification results for the two FEA simulations 

(thermal conductivity as a function of temperature (“k function”) and as an average value 

(“k constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 1147 W/m
2
. 
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Figure 4-19. Plot of the Grey60 verification results for the two FEA simulations (thermal 

conductivity as a function of temperature (“k function”) and as an average value (“k 

constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 359 W/m
2
. 

 

 

Figure 4-20. Plot of the Grey60 verification results for the two FEA simulations (thermal 

conductivity as a function of temperature (“k function”) and as an average value (“k 

constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 764 W/m
2
. 
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Figure 4-21. Plot of the Grey60 verification results for the two FEA simulations (thermal 

conductivity as a function of temperature (“k function”) and as an average value (“k 

constant”)) and the physical measurements.  The temperature values are plotted as a 

function of distance from the hot side for an applied heat flux of 1208 W/m
2
. 

 

As shown in Figures 4-13 through 4-21, the simulated FEA temperatures increasingly 

overpredict the measured physical temperatures as the applied heat flux is increased for each of 

the PolyJet™ photopolymers.  To take a closer look at this variation, the percent error between 

the actual physical measurements and the results of each FEA simulation is calculated for each 

combination of PolyJet™ photopolymer and applied heat flux.  These calculated percent errors 

are plotted as a function of distance from the hot side for the VeroWhitePlus, TangoBlackPlus, 

and Grey60 PolyJet™ photopolymer samples as shown in Figures 4-22, 4-23, and 4-24, 

respectively. 
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Figure 4-22. Plot of the percent error between the physical measurements and each of the 

two FEA simulations (thermal conductivity as a function of temperature (“k function”) and 

as an average value (“k constant”)) for the VeroWhitePlus verification results.  The percent 

error values are plotted as a function of distance from the hot side for all three applied heat 

fluxes. 

 

Figure 4-23. Plot of the percent error between the physical measurements and each of the 

two FEA simulations (thermal conductivity as a function of temperature (“k function”) and 

as an average value (“k constant”)) for the TangoBlackPlus verification results.  The 

percent error values are plotted as a function of distance from the hot side for all three 

applied heat fluxes. 
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Figure 4-24. Plot of the percent error between the physical measurements and each of the 

two FEA simulations (thermal conductivity as a function of temperature (“k function”) and 

as an average value (“k constant”)) for the Grey60 verification results.  The percent error 

values are plotted as a function of distance from the hot side for all three applied heat 

fluxes. 

 

The resulting percent error trends have the same general shape for each combination of 
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models are set equal to the physical results, so the simulated FEA temperatures are driven to 

approach the correct cold side temperature (therefore decreasing error closer to the cold side).  

Second of all, the insulated sides (all vertical outside faces) are assumed to be perfectly insulated 

and therefore are modeled with zero edge losses.  This assumption, however, is not completely 

valid (as was previously discussed in Subsection 4.3.2); when moving closer to the heat source, 

there are larger temperature drops between adjacent thermocouples in the physical models, 
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which is indicative of edge loss effects.  In the physical test setup, edge losses are highest 

between the hot side of the vertical outside faces and the cooler surrounding environment.  As a 

result, the heat flux that is measured on the hot side (0 mm) is probably quickly dissipated out 

the edges, therefore dropping the internal part temperatures more quickly than predicted.  The 

increase in percent error that falls approximately within 15 mm of the hot side can be attributed 

to these side losses that have not been accounted for in the FEA models.  In addition, this would 

also account for the more pronounced trend in the higher heat flux results for each material; 

higher heat fluxes induce larger side losses near the heat source. 

In order to adequately model the edge loss effects in the FEA simulations, heat flux sensors 

would be needed to measure the heat flow through each of the sides in the physical setup, not 

just on the hot side.  Even so, the heat flux through the vertical outside faces is not uniform since 

the temperature difference between the side walls and the surrounding environment changes 

from the hot side to the cold side.  A complex boundary condition would need to be established 

in order to properly characterize these boundary conditions in an FEA model. 

Another potential source of error is from applying the PolyJet™ photopolymer thermal 

conductivity data to conditions outside of the mean temperature ranges used in the heat flow 

meter technique.  The resulting thermal conductivity values from the heat flow meter technique 

are for temperatures ranging from 39 °C to 111 °C (312 K to 384 K), and the physical 

verification models have measured temperatures from 19 °C to 158 °C (292 K to 431 K).  As a 

result, the FEA simulations that use thermal conductivity as a function of temperature are 

applying extrapolated thermal conductivity data.  Although it is unclear as to how much error is 

induced by the extrapolated data, the overall percent error could be reduced if the thermal 

conductivity expressed as a function of temperature is defined for a wider temperature range. 



64 

 

When inspecting Figures 4-22, 4-23, and 4-24, it is difficult to discern the differences between 

the percent error results of the two FEA simulations.  Therefore the percent error of each point 

temperature is averaged across each combination of PolyJet™ photopolymer and applied heat 

flux; these averages are reported in Table 4-6 along with the overall average percent error for 

each material.  When comparing the two FEA simulations, expressing thermal conductivity as a 

function of temperature yields less error in the predicted temperatures than when a constant 

thermal conductivity value is used for every applied heat flux and PolyJet™ photopolymer.  

Even so, expressing thermal conductivity as a function of temperature reduces the average error 

by less than 1% in every case. 

Table 4-6. Percent error data between the physical measurements and each of 

the two FEA simulations (thermal conductivity as a function of temperature 

and as an average value).  The percent error of each point temperature is 

averaged across each combination of PolyJet™ photopolymer and applied heat 

flux.  The overall average percent error for each material is also listed. 

Material 
Hot Side 

Heat Flux 

(W/m
2
) 

k as a Function of T 

Average % Error 

Constant k 

Average % Error 

VeroWhitePlus 

349.53 2.40 

7.35 

2.89 

7.78 769.92 7.11 7.50 

1261.25 12.55 12.95 

TangoBlackPlus 

362.52 2.79 

7.31 

3.39 

7.71 783.29 7.80 8.14 

1147.10 11.33 11.59 

Grey60 

358.60 3.01 

8.26 

3.44 

8.69 764.36 8.23 8.51 

1208.05 13.56 14.14 

 

The percent error results for each of the PolyJet™ photopolymers are very similar, but the values 

for Grey60 are consistently higher.  The Grey60 FEA simulations overpredict the corresponding 

physical model temperatures more so than the VeroWhitePlus and TangoBlackPlus simulations 

(8.26% overall error vs 7.35% and 7.31% for thermal conductivity as a function of temperature).  
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This observation suggests that the Grey60 thermal conductivity measurements are comparatively 

low.  As previously discussed in Section 3.4, the majority of the Grey60 temperature-dependent 

thermal conductivity results are below the results of both VeroWhitePlus and TangoBlackPlus, 

which is surprising since Grey60 is a blend of the two materials.  More heat flow meter tests 

should be conducted to see whether or not the resulting Grey60 thermal conductivity 

measurements actually do fall between the VeroWhitePlus and TangoBlackPlus measurements.  

However, more thermal conductivity data should be taken for all three PolyJet™ photopolymers 

in order to reduce the overall percent error in the FEA results. 
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5 Conclusions 

 Summary 5.1

One emerging application of additive manufacturing (AM) technologies is building parts with 

embedded electronics.  Embedding electronics in PolyJet™ parts is of particular interest since 

material jetting additive manufacturing has the ability to deposit multiple, functionally graded 

materials on a pixel by pixel basis.  However, the thermal management of these assemblies is a 

potential issue.  Electrical and mechanical working components have efficiency losses, and a 

significant portion of that lost energy is converted into heat. 

Although there is existing literature on other PolyJet™ material properties, there is limited 

research on the thermal characterization of these photopolymers.  (Thus far, only the thermal 

conductivity and specific heat of Fullcure 720 have been measured [12].)  The goal of this 

research was to determine the thermal properties of select PolyJet™ photopolymers, and to use 

these properties to model the heat transfer of embedded heat sources in PolyJet™ parts.  

Specifically, the thermal conductivities of Stratasys’s VeroWhitePlus, TangoBlackPlus, and 

Grey60 PolyJet™ materials were measured and then applied to finite element analysis (FEA) 

simulations to model the thermal distribution of heated PolyJet™ parts.  This objective was 

accomplished by investigating the following research questions, which are accompanied by the 

corresponding findings and key results. 

 

Primary Research Question: How does the thermal conductivity of Stratasys’s PolyJet™ 

materials vary with temperature?   
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The heat flow meter technique was used to measure the thermal conductivity of VeroWhitePlus, 

TangoBlackPlus, and Grey60 PolyJet™ photopolymers.  Before testing these materials, 

however, the heat flow meter setup was first calibrated using a sample with a known thermal 

conductivity.  The selected calibration material, Pyrex, has reported thermal conductivity values 

that are on the same order of magnitude as the expected thermal conductivity range of the 

PolyJet™ photopolymers.  The resulting interface resistance calibration results (reported in 

Subsection 3.2.2) were then applied to the measurements used to determine the thermal 

conductivity values of VeroWhitePlus, TangoBlackPlus, and Grey60. 

For each PolyJet™ photopolymer, three samples of different thicknesses (6.350 mm (0.250 in), 

9.525 mm (0.375 in), and 12.700 mm (0.500 in)) were printed, and thermal conductivity data 

were collected at four mean temperatures (ranging from 39 °C to 111 °C) for each material 

sample.  The resulting mean temperature and thermal conductivity values were used to develop 

trendlines that expressed thermal conductivity as a function of temperature for each material.  

(For the VeroWhitePlus, TangoBlackPlus, and Grey60 results, see Figures 3-2, 3-3, and 3-4, 

respectively.) 

The thermal conductivity values of all three materials were very close: the averages of the 

thermal conductivities across all of the mean temperatures and thicknesses were 0.2376 

W/(m·K), 0.2307 W/(m·K), and 0.2272 W/(m·K) for VeroWhitePlus, TangoBlackPlus, and 

Grey60, respectively.  The data sets for each material followed similar polynomial trends of 

thermal conductivity decreasing with temperature.  It was surprising, however, that the majority 

of the Grey60 data were lower than those of both VeroWhitePlus and TangoBlackPlus.  Since 

Grey60 is a 50/50 combination of VeroWhitePlus and TangoBlackPlus, it would be reasonable to 
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assume that the resulting physical properties of Grey60, including thermal conductivity, would 

also be a blend of the two materials.  

Other discrepancies in the results were investigated, such as the effect of sample thickness on the 

resulting thermal conductivity measurements.  A statistical analysis, the Kruskal-Wallis test, was 

used to compare the average values of thermal conductivity when the data were sorted by 

category of sample thickness (6.350 mm, 9.525 mm, and 12.700 mm).  The resulting p-value of 

0.7324 was much larger than the specified significance level (0.05); this result meant that there 

was not enough evidence to reject the null hypothesis, which stated that there is no difference in 

the thermal conductivity measurements with respect to sample thickness. 

When evaluating the variation in the results, it was also worthwhile to investigate how sensitive 

the thermal conductivity calculations were to the different variables (temperature drop across the 

sample, the heat flux sensor output, and the sample thickness).  To complete this evaluation, a 

particular data set was selected, and each of the aforementioned variables was increased by 5%.  

It was determined that thermal conductivity had a similar sensitivity to each of the three 

variables; the thermal conductivity calculations were most sensitive to the heat flux 

measurements (5.06% increase) and least sensitive to the temperature drop measurements 

(4.82% decrease). 

The resulting thermal conductivity values, expressed as a function of temperature, were then 

used to address the secondary research question. 

 

Secondary Research Question:  How can this thermal property be applied to model heat 

transfer in a PolyJet™ part for designing thermal management considerations?  
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The thermal conductivity values reported in Section 3.3 were applied to an FEA model in order 

to predict the temperature gradient throughout the thickness of a heated part.  Three different 

heat fluxes (approximately 350, 770, and 1200 W/m
2
) were applied to physical PolyJet™ parts, 

and the measured heat flux and cold side temperature values were applied to an FEA simulation 

to predict the internal and hot side temperatures of each specimen.  (See Figure 4-1 for a diagram 

of this verification test setup design.)  Two FEA simulations were run for each set of boundary 

conditions; one simulation used thermal conductivity as a function of temperature and the other 

used an average value of thermal conductivity.  The results of the two separate simulations were 

then compared back to the temperature measurements in the corresponding physical model.  This 

process was completed for the VeroWhitePlus, TangoBlackPlus, and Grey60 materials. 

The resulting temperatures for the two FEA simulations increasingly overpredicted the measured 

physical temperatures as the applied heat flux was increased for each of the PolyJet™ 

photopolymers (see Figures 4-13 through 4-21).  To take a closer look at this trend, the percent 

error between the results of each FEA simulation and the actual physical measurements was 

calculated for each combination of PolyJet™ photopolymer and applied heat flux.  (See Figures 

4-22, 4-23, and 4-24 for this data plotted as a function of distance from the hot side for the 

VeroWhitePlus, TangoBlackPlus, and Grey60 samples, respectively.)  When looking at the 

percent error values, it was determined that the physical model results were influenced by edge 

loss effects.  As a result, the percent error of the FEA simulations was heightened for 

temperatures near the heat source and for larger applied heat fluxes.  It was also noted that the 

PolyJet™ photopolymer thermal conductivity data were applied to conditions outside of the 

mean temperature ranges used in the heat flow meter technique.  As a result, the FEA 

simulations that used thermal conductivity as a function of temperature were applying 
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extrapolated thermal conductivity data, which was another potential source of error in the FEA 

results. 

To investigate the differences between the percent error results of the two FEA simulations, the 

percent error of each point temperature was averaged across each combination of PolyJet™ 

photopolymer and applied heat flux (see Table 4-6).  When comparing the two FEA simulations, 

expressing thermal conductivity as a function of temperature yielded less error in the predicted 

temperatures, but it only reduced the average error by less than 1%.   

The percent error results for each of the PolyJet™ photopolymers were very similar, but the 

values for Grey60 were consistently higher.  The Grey60 FEA simulations overpredicted the 

corresponding physical model temperatures more so than the VeroWhitePlus and 

TangoBlackPlus simulations (8.26% overall error vs 7.35% and 7.31% for thermal conductivity 

as a function of temperature).  This observation suggests that the Grey60 thermal conductivity 

measurements were comparatively low.   

 Research Contributions 5.2

The results of this research have introduced new findings that will benefit the field of embedding 

electronics in AM parts.  The main research contributions of this work are as follows: 

 Characterization of thermal conductivity as a function of temperature for new materials 

(namely Stratasys’s VeroWhitePlus, TangoBlackPlus, and Grey60 PolyJet™ 

photopolymers). 

The thermal conductivity measurements of VeroWhitePlus, TangoBlackPlus, and Grey60 have 

not been reported before, and Fullcure 720 is the only other PolyJet™ photopolymer that has 
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been investigated in this regard.  Since the exact composition of the PolyJet™ photopolymers is 

proprietary information [11], this new knowledge pertaining to VeroWhitePlus, TangoBlackPlus, 

and Grey60 will add to the understanding of these materials’ thermal characteristics.  In addition, 

characterizing a “digital material” (Grey60) also aids the investigation of how printing blends of 

VeroWhitePlus and TangoBlackPlus affects material properties. 

 Comparison of the accuracy of FEA heat transfer simulations, which use thermal 

conductivity either as a function of temperature or as a constant, for PolyJet™ parts. 

This analysis showed that there was a slight advantage to using thermal conductivity as a 

function of temperature as opposed to defining a constant value.  However, since the thermal 

conductivities of the PolyJet™ photopolymers investigated did not vary by a large amount with 

temperature, expressing thermal conductivity as a function of temperature only reduced error in 

the predicted temperatures by less than 1% (see Table 4-6).  Knowing the difference between the 

accuracy of the two FEA simulations will allow the selection of the thermal conductivity values 

(function vs constant) to be driven by the application needs (higher accuracy vs rougher 

estimation).  However, the differences between the errors of future simulation results will also be 

affected by the geometry and boundary conditions used in the intended applications. 

 Embedding functional thermocouples inside of AM parts. 

This application of embedding functional thermocouples inside of PolyJet™ parts (Figure 4-4) 

can be successfully expanded to other types of temperature sensors and AM technologies.  

Internal temperature probes could provide valuable data inside of various AM parts. 
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 Limitations and Future Work 5.3

Within the scope of this research, there were some assumptions made that limit the validity of 

the results.  These limitations should be explored more in depth to improve the reliability of the 

results of this work.  First of all, every PolyJet™ material sample was printed in the same 

orientation.  In addition, samples were sometimes printed one at a time, and other times were 

printed in batches.  Neither build orientation nor part spacing was taken into consideration, but 

these are factors that have been found to have an effect on the mechanical properties (including 

tensile strength, tensile modulus, and Shore hardness) of PolyJet™ parts [16], [17].  This work 

only assumed one-dimensional conduction, but the thermal conductivity as a function of build 

orientation should be investigated before applying the values to multi-dimensional conduction 

problems.  Furthermore, the spacing and number of samples printed at once should also be 

analyzed.  On a related note, other parameters that deal with the production of the samples, such 

as exposure to UV light during the printing process and material aging, could also potentially 

impact the effective thermal conductivity values of the PolyJet™ photopolymers.  The influence 

of these other variables should also be investigated in the future. 

The next constraint pertains to the limits of the thermal conductivity measurements applied to the 

FEA simulations.  The resulting thermal conductivity values from the heat flow meter technique 

were for temperatures ranging from 39 °C to 111 °C (312 K to 384 K), and the physical 

verification models had temperature measurements from 19 °C to 158 °C (292 K to 431 K).  As a 

result, the FEA simulations that used thermal conductivity as a function of temperature were 

applying extrapolated thermal conductivity data.  More thermal conductivity data should be 

acquired for a wider temperature range for each material to increase the valid temperature range 

in which these thermal conductivity functions can be applied. 
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The final main limitation pertains to the edge loss effects that were not included in the FEA 

models.  In order to adequately model the edge loss effects in the FEA simulations, heat flux 

sensors would be needed to measure the heat flow through each of the sides in the physical setup, 

not just on the hot side.  Even so, the heat flux through the vertical outside faces is not uniform 

since the temperature difference between the side walls and the surrounding environment 

changes from the hot side to the cold side.  A complex boundary condition would need to be 

established in order to properly characterize these boundary conditions in an FEA model. 

In addition to the aforementioned limitations, there is future work that can be accomplished 

outside the scope of this current research.  First of all, transient heat transfer analyses of 

PolyJet™ parts are of interest for heating processes that are inherently non-steady state.  To 

model a transient conduction problem, the specific heat and density of the PolyJet™ 

photopolymers would need to be measured and incorporated in the FEA simulations.  

Furthermore, other model parameters could be added to set up more complex simulations.  For 

instance, if the convection heat transfer coefficients and emissivity values of different PolyJet™ 

photopolymers, finishes, and part geometries were measured, then convection and radiation 

effects could also be analyzed in FEA simulations (in addition to conduction).  Finally, other 

PolyJet™ photopolymers and digital materials (other than VeroWhitePlus, TangoBlackPlus, and 

Grey60) should be investigated since up to two model materials (and fourteen distinct 

functionally graded digital materials) can be produced in a single model [3]. 
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Appendix A: Heat Flow Meter Calibration Data 

The guarded heat flow meter standard [26] reports the thermal conductivity of Pyrex as a 

function of temperature; these data are listed in Table A-1. 

Table A-1. Reported thermal conductivity values of 

Pyrex from the guarded heat flow meter standard [26].  

Used under fair use, 2014. 

T (°C) k (W/(m·K)) 

-50 1.010 

0 1.104 

25 1.177 

100 1.236 

200 1.330 

300 1.447 

 

 

The main purpose of the heat flow meter calibration process is to determine the thermal 

resistance of the interfaces, Ro, at each of the mean temperatures.  A 6.581 mm thick Pyrex 

sample is used, and all of the raw heat flow meter data (T1, T2, and Q measurements) are listed in 

Table A-2.     

Table A-2. Measured Pyrex calibration data for the heat flow 

meter technique.  The sample has a thickness of 6.581 mm. 

T1 (°C) T2 (°C) Mean T (°C) Q (V) 

44.53 33.56 39.05 9.668E-05 

77.76 49.94 63.85 2.619E-04 

105.23 67.86 86.54 3.597E-04 

133.62 83.65 108.63 5.059E-04 

159.60 100.82 130.21 6.158E-04 
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Appendix B: Heat Flow Meter Photopolymer Data 

B.1 Heat Flow Meter Raw Data 

The PolyJet™ photopolymer thermal conductivity data are acquired for three different samples, 

with thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm (0.250 in, 0.375 in, and 0.500 in), for 

the VeroWhitePlus, TangoBlackPlus, and Grey60 materials.  The raw data from the heat flow 

meter measurements of each sample are listed in Table B-1 for VeroWhitePlus, Table B-2 for 

TangoBlackPlus, and Table B-3 for Grey60.   

Table B-1. Measured VeroWhitePlus data from the heat flow meter technique. There 

are three samples with thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm. 

 

Measured L (mm) T1 (°C) T2 (°C) Mean T (°C) Q (V) 

6
.3

5
0
 m

m
 

6.610 

49.26 30.54 39.90 3.787E-05 

85.70 40.41 63.05 8.701E-05 

123.33 49.53 86.43 1.409E-04 

158.23 58.09 108.16 1.909E-04 

9
.5

2
5
 m

m
 

9.773 

51.30 29.35 40.33 3.220E-05 

90.97 36.99 63.98 7.344E-05 

130.08 42.88 86.48 1.147E-04 

166.97 48.92 107.94 1.570E-04 

1
2
.7

0
0
 m

m
 

12.925 

52.20 27.51 39.85 2.731E-05 

90.17 35.34 62.76 5.987E-05 

131.11 41.73 86.42 9.450E-05 

173.49 44.12 108.80 1.311E-04 
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Table B-2. Measured TangoBlackPlus data from the heat flow meter technique. 

There are three samples with thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm. 

 

Measured L (mm) T1 (°C) T2 (°C) Mean T (°C) Q (V) 
6

.3
5

0
 m

m
 

 

6.554 

50.05 29.66 39.86 4.206E-05 

86.09 40.11 63.10 9.043E-05 

123.34 49.85 86.59 1.412E-04 

159.59 58.08 108.83 1.914E-04 

9
.5

2
5

 m
m

 

9.733 

51.51 28.11 39.81 3.183E-05 

91.23 37.14 64.18 7.113E-05 

130.29 43.48 86.89 1.095E-04 

164.66 52.10 108.38 1.429E-04 

1
2
.7

0
0
 m

m
 

12.336 

51.52 27.55 39.54 2.754E-05 

88.72 35.40 62.06 5.808E-05 

130.51 42.87 86.69 9.182E-05 

167.67 49.74 108.70 1.217E-04 

 

 

 

Table B-3. Measured Grey60 data from the heat flow meter technique. There are 

three samples with thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm. 

 

Measured L (mm) T1 (°C) T2 (°C) Mean T (°C) Q (V) 

6
.3

5
0
 m

m
 

6.588 

50.66 29.02 39.84 4.398E-05 

88.36 39.48 63.92 9.513E-05 

125.34 48.65 87.00 1.477E-04 

160.46 57.02 108.74 1.977E-04 

9
.5

2
5

 m
m

 

9.748 

52.04 28.43 40.23 3.254E-05 

92.03 36.47 64.25 7.309E-05 

130.33 43.80 87.06 1.122E-04 

166.55 50.25 108.40 1.498E-04 

1
2

.7
0

0
 m

m
 

12.910 

53.99 26.18 40.08 2.755E-05 

95.08 33.39 64.24 5.936E-05 

133.60 40.15 86.87 9.001E-05 

173.57 46.88 110.23 1.224E-04 
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B.2 Thermal Conductivity Calculation Data 

In addition, all of the values used in Equations 3-1 and 3-2 to calculate the thermal conductivity 

for each thickness are listed in Table B-4 for VeroWhitePlus, Table B-5 for TangoBlackPlus, and 

Table B-6 for Grey60. 

Table B-4. VeroWhitePlus thermal conductivity calculation data.  The calculations are 

based on sample thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm, and a heat flux 

sensor calibration factor of 5.70·10
-8

 V/(W/m
2
). 

 

Measured L 

(mm) 

Mean T 

(°C) 

N·(T1-T2)/Q 

(m
2
·K/W) 

Ro  

(m
2
·K/W) 

Rs    

(m
2
·K/W) 

k 

(W/(m·K)) 

6
.3

5
0
 m

m
 

6.610 

39.90 2.817E-02 9.137E-04 2.725E-02 0.2425 

63.05 2.967E-02 6.130E-04 2.906E-02 0.2275 

86.43 2.986E-02 5.521E-04 2.931E-02 0.2255 

108.80 2.990E-02 3.450E-04 2.956E-02 0.2236 

9
.5

2
5
 m

m
 

9.773 

40.33 3.885E-02 9.082E-04 3.794E-02 0.2576 

63.98 4.189E-02 6.024E-04 4.129E-02 0.2367 

86.48 4.334E-02 5.520E-04 4.278E-02 0.2284 

107.94 4.287E-02 3.471E-04 4.252E-02 0.2298 

1
2
.7

0
0
 m

m
 

12.925 

39.85 5.155E-02 9.143E-04 5.063E-02 0.2553 

62.76 5.220E-02 6.169E-04 5.158E-02 0.2506 

86.42 5.391E-02 5.521E-04 5.336E-02 0.2422 

108.80 5.624E-02 3.396E-04 5.590E-02 0.2312 
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Table B-5. TangoBlackPlus thermal conductivity calculation data.  The calculations are 

based on sample thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm, and a heat flux 

sensor calibration factor of 5.70·10
-8

 V/(W/m
2
). 

 

 

Measured L 

(mm) 

Mean T 

(°C) 

N·(T1-T2)/Q 

(m
2
·K/W) 

Ro  

(m
2
·K/W) 

Rs    

(m
2
·K/W) 

k 

(W/(m·K)) 

6
.3

5
0

 m
m

 

 

6.554 

39.86 2.764E-02 9.143E-04 2.673E-02 0.2452 

63.10 2.898E-02 6.124E-04 2.837E-02 0.2310 

86.59 2.968E-02 5.514E-04 2.912E-02 0.2250 

108.83 3.022E-02 3.395E-04 2.989E-02 0.2193 

9
.5

2
5

 m
m

 

9.733 

39.81 4.192E-02 9.149E-04 4.100E-02 0.2374 

64.18 4.334E-02 6.019E-04 4.274E-02 0.2277 

86.89 4.517E-02 5.485E-04 4.462E-02 0.2181 

108.38 4.490E-02 3.429E-04 4.456E-02 0.2184 

1
2
.7

0
0
 m

m
 

12.336 

39.54 4.961E-02 9.185E-04 4.869E-02 0.2534 

62.06 5.233E-02 6.259E-04 5.170E-02 0.2386 

86.69 5.441E-02 5.504E-04 5.386E-02 0.2291 

108.70 5.523E-02 3.401E-04 5.489E-02 0.2247 

 

 

Table B-6. Grey60 thermal conductivity calculation data.  The calculations are based on 

sample thicknesses of 6.350 mm, 9.525 mm, and 12.700 mm, and a heat flux sensor 

calibration factor of 5.70·10
-8

 V/(W/m
2
). 

 

 

Measured L 

(mm) 

Mean T 

(°C) 

N·(T1-T2)/Q 

(m
2
·K/W) 

Ro  

(m
2
·K/W) 

Rs    

(m
2
·K/W) 

k 

(W/(m·K)) 

6
.3

5
0
 m

m
 

6.588 

39.84 2.805E-02 9.145E-04 2.713E-02 0.2428 

63.92 2.928E-02 6.025E-04 2.868E-02 0.2297 

87.00 2.959E-02 5.475E-04 2.904E-02 0.2268 

108.74 2.982E-02 3.400E-04 2.948E-02 0.2235 

9
.5

2
5

 m
m

 

9.748 

40.23 4.137E-02 9.094E-04 4.046E-02 0.2409 

64.25 4.333E-02 6.018E-04 4.273E-02 0.2281 

87.06 4.394E-02 5.469E-04 4.339E-02 0.2246 

108.40 4.426E-02 3.427E-04 4.392E-02 0.2219 

1
2

.7
0

0
 m

m
 

12.910 

40.08 5.752E-02 9.113E-04 5.661E-02 0.2281 

64.24 5.924E-02 6.018E-04 5.864E-02 0.2202 

86.87 5.918E-02 5.487E-04 5.864E-02 0.2202 

110.23 5.899E-02 3.328E-04 5.866E-02 0.2201 
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B.3 Kruskal-Wallis Test Results 

A statistical analysis is conducted to test the null hypothesis that there is no difference in the 

thermal conductivity measurements with respect to sample thickness.  Specifically, JMP Pro 

11.0.0 is used to set up a Kruskal-Wallis nonparametric test with a significance level (α) of 0.05 

to test the null hypothesis.  All of the thermal conductivity values (classified as continuous data) 

are entered with the respective variables of material, mean temperature, and thickness (all treated 

as categorical data for this analysis).  The Kruskal-Wallis test is set up to compare the average 

values of thermal conductivity when the data are sorted by category of sample thickness (6.350 

mm, 9.525 mm, and 12.700 mm), as shown in Figure B-1; each sample thickness category 

includes all of the thermal conductivity data for each combination of material and mean 

temperature.  The results from the Kruskal-Wallis test are shown in Table B-7. 
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Figure B-1. Plot from the Kruskal-Wallis test.  This analysis is set up to compare the 

average values of thermal conductivity when the data are sorted by category of sample 

thickness; the average thermal conductivity values for each sample thickness category are 

indicated by the horizontal lines.  Each sample thickness category includes all of the 

thermal conductivity data for each combination of material and mean temperature. 

 

Table B-7. Results from the Kruskal-Wallis test.  This analysis is set up to compare the 

average values of thermal conductivity when the data are sorted by category of sample 

thickness.  Each sample thickness category includes all of the thermal conductivity data 

for each combination of material and mean temperature.  The resulting p-value 

(Prob>ChiSq) of 0.7324 is much larger than the specified significance level (0.05), which 

means that there is not enough evidence to reject the null hypothesis. 

 

Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 

Level Count Score Sum Expected Score Score Mean (Mean-Mean0)/Std0 

12.700 mm 12 245.500 222.000 20.4583 0.772 

6.350 mm 12 211.000 222.000 17.5833 -0.352 

9.525 mm 12 209.500 222.000 17.4583 -0.403 

1-way Test, ChiSquare Approximation 

ChiSquare DF Prob>ChiSq 

 0.6229 2 0.7324 
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B.4 Analysis of the Error in the Heat Flow Meter Method  

Although there are not enough resources to take more data for every combination of material and 

thickness, one additional trial is conducted for the thinnest sample (6.350 mm) of VeroWhitePlus 

to further analyze the error in the heat flow meter results.  Thermal conductivity data are 

collected for the same four mean temperatures, and since it is unknown how heating and cooling 

affect the thermal conductivity of these photopolymers, a new sample is used.  The raw data 

from the heat flow meter measurements of the new sample are listed in Table B-8, and all of the 

values used in Equations 3-1 and 3-2 to calculate the thermal conductivity are listed in Table 

B-9.   

Table B-8. Measured VeroWhitePlus data from the heat flow meter technique. This is a 

new data set for a sample with a thickness of 6.350 mm. 

 

Measured L (mm) T1 (°C) T2 (°C) Mean T (°C) Q (V) 

6
.3

5
0
 m

m
 

6.523 

51.10 27.78 39.44 4.781E-05 

87.61 36.98 62.29 9.966E-05 

126.90 45.99 86.45 1.572E-04 

161.33 53.73 107.53 2.107E-04 

 

 

Table B-9. VeroWhitePlus thermal conductivity calculation data.  The calculations are 

based on a new sample that is 6.350 mm thick and a heat flux sensor calibration factor of 

5.70·10
-8

 V/(W/m
2
). 

 

Measured L 

(mm) 

Mean T 

(°C) 

N·(T1-T2)/Q 

(m
2
·K/W) 

Ro  

(m
2
·K/W) 

Rs    

(m
2
·K/W) 

k 

(W/(m·K)) 

6
.3

5
0

 m
m

 

6.523 

39.44 2.781E-02 9.197E-04 2.689E-02 0.2426 

62.29 2.896E-02 6.229E-04 2.834E-02 0.2302 

86.45 2.934E-02 5.521E-04 2.878E-02 0.2266 

107.53 2.911E-02 3.510E-04 2.876E-02 0.2268 
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Appendix C: FEA Simulation Results 

Two FEA simulations are run for each combination of PolyJet™ photopolymer and set of 

boundary conditions; one simulation uses thermal conductivity as a function of temperature and 

the other uses an average value of thermal conductivity.  The resulting simulated values from the 

point temperature monitors are listed in Table C-1 for VeroWhitePlus, Table C-2 for 

TangoBlackPlus, and Table C-3 for Grey60. 

Table C-1. VeroWhitePlus ANSYS Fluent FEA model results, which include the hot side (0 

mm), cold side (40 mm), and internal temperatures.  Results are reported for both thermal 

conductivity as a constant and as a function of temperature.  The boundary conditions used 

for each simulation are listed with their respective resulting point temperatures. 

 
Fluent Settings 

Temperature (K) 

Distance from the hot side (mm) 

Hot 

Side Q 

(W/m
2
) 

Cold 

Side T 

(K) 

0 5 10 15 20 25 30 35 40 

k
 a

s 
a
  

F
u

n
ct

io
n

 o
f 

T
 

349.53 295.57 350.94 343.74 336.64 329.64 322.75 315.97 309.32 302.78 296.36 

769.92 294.76 421.85 405.78 389.52 373.24 357.11 341.26 325.83 310.89 296.52 

1261.25 296.32 499.37 477.20 453.43 428.21 401.96 375.27 348.85 323.36 299.24 

C
o

n
st

a
n

t 
k
 349.53 295.57 353.05 345.93 338.82 331.73 324.66 317.60 310.54 303.49 296.45 

769.92 294.76 421.93 406.23 390.55 374.88 359.23 343.59 327.96 312.33 296.71 

1261.25 296.32 505.07 479.34 453.63 427.92 402.23 376.55 350.87 325.20 299.53 
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Table C-2. TangoBlackPlus ANSYS Fluent FEA model results, which include the hot side 

(0 mm), cold side (40 mm), and internal temperatures.  Results are reported for both 

thermal conductivity as a constant and as a function of temperature.  The boundary 

conditions used for each simulation are listed with their respective resulting point 

temperatures. 

 
Fluent Settings 

Temperature (K) 

Distance from the hot side (mm) 

Hot 

Side Q 

(W/m
2
) 

Cold 

Side T 

(K) 

0 5 10 15 20 25 30 35 40 

k
 a

s 
a

 

F
u

n
ct

io
n

 o
f 

T
 

362.52 292.67 351.21 343.52 335.95 328.53 321.24 314.09 307.08 300.22 293.50 

783.29 295.81 428.95 412.14 395.07 377.99 361.04 344.40 328.23 312.62 297.64 

1147.10 297.81 489.58 468.05 445.12 421.09 396.27 371.25 346.64 322.95 300.53 

C
o
n

st
a
n

t 
k
 362.52 292.67 353.80 346.20 338.63 331.09 323.56 316.06 308.57 301.08 293.60 

783.29 295.81 428.56 412.12 395.71 379.36 363.02 346.71 330.41 314.13 297.85 

1147.10 297.81 492.66 468.58 444.52 420.54 396.56 372.61 348.67 324.73 300.80 

 

Table C-3. Grey60 ANSYS Fluent FEA model results, which include the hot side (0 mm), 

cold side (40 mm), and internal temperatures.  Results are reported for both thermal 

conductivity as a constant and as a function of temperature.  The boundary conditions used 

for each simulation are listed with their respective resulting point temperatures. 

 
Fluent Settings 

Temperature (K) 

Distance from the hot side (mm) 

Hot 

Side Q 

(W/m
2
) 

Cold 

Side T 

(K) 

0 5 10 15 20 25 30 35 40 

k
 a

s 
a

 

F
u

n
ct

io
n

 o
f 

T
 

358.60 292.76 352.31 344.59 336.94 329.44 322.03 314.74 307.58 300.53 293.62 

764.36 295.01 425.74 409.65 393.23 376.69 360.12 343.73 327.66 312.00 296.87 

1208.05 292.83 492.59 470.98 447.83 423.31 397.69 371.50 345.41 319.99 295.77 

C
o
n

st
a
n

t 
k
 358.60 292.76 354.06 346.43 338.82 331.26 323.72 316.20 308.69 301.19 293.70 

764.36 295.01 426.32 410.04 393.78 377.62 361.46 345.33 329.22 313.12 297.02 

1208.05 292.83 500.85 475.11 449.39 423.80 398.20 372.64 347.09 321.55 296.02 
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Appendix D: Physical Model Results 

For the physical models of the PolyJet™ photopolymers, data sets are collected for three 

different heat fluxes applied to each material sample, and the internal, hot side, and cold side 

temperatures, as well as the heat flux through the part, are measured.  The raw data from the 

physical verification measurements of each sample are listed in Table D-1 for VeroWhitePlus, 

Table D-2 for TangoBlackPlus, and Table D-3 for Grey60. 

Table D-1. VeroWhitePlus physical model measurements, which include the hot side (0 

mm), cold side (40 mm), and internal temperatures as well as the heat flux through the 

part.  The heat flux sensor calibration factor is 5.70·10
-8

 V/(W/m
2
). 

Heat Flux 
Temperature (°C) 

Distance from the hot side (mm) 

Q 

(V) 

Q  

(W/m
2
) 

0 5 10 15 20 25 30 35 40 

1.992E-05 349.53 70.27 59.15 51.88 46.93 40.03 34.97 30.22 24.84 22.42 

4.389E-05 769.92 112.42 92.54 78.31 69.09 56.49 46.87 37.50 27.81 21.61 

7.189E-05 1261.25 157.66 128.76 107.43 94.22 75.77 61.70 47.42 33.35 23.17 

 

 

Table D-2. TangoBlackPlus physical model measurements, which include the hot side (0 

mm), cold side (40 mm), and internal temperatures as well as the heat flux through the 

part.  The heat flux sensor calibration factor is 5.70·10
-8

 V/(W/m
2
). 

Heat Flux 
Temperature (°C) 

Distance from the hot side (mm) 

Q 

(V) 

Q  

(W/m
2
) 

0 5 10 15 20 25 30 35 40 

2.066E-05 362.52 67.88 56.98 49.68 44.02 36.96 32.11 27.38 22.67 19.52 

4.465E-05 783.29 114.15 94.28 80.14 70.14 57.36 48.33 38.64 30.16 22.66 

6.538E-05 1147.10 153.31 126.31 107.60 92.31 75.26 61.61 48.13 36.22 24.66 
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Table D-3. Grey60 physical model measurements, which include the hot side (0 mm), cold 

side (40 mm), and internal temperatures as well as the heat flux through the part.  The heat 

flux sensor calibration factor is 5.70·10
-8

 V/(W/m
2
). 

Heat Flux 
Temperature (°C) 

Distance from the hot side (mm) 

Q 

(V) 

Q  

(W/m
2
) 

0 5 10 15 20 25 30 35 40 

2.044E-05 358.60 69.17 57.16 49.55 43.53 36.49 31.21 26.72 24.05 19.61 

4.357E-05 764.36 111.14 91.41 77.44 67.37 55.28 46.19 37.67 24.67 21.86 

6.886E-05 1208.05 146.99 119.82 99.48 85.71 68.37 55.86 43.33 25.10 19.68 
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