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Figure 3.9 - Schematic setup used to de-embed the dielectric parameters (top) results of the dielectric 

properties extraction (bottom). 

   

The loss tangent still appears to have an exponential deviation starting at low frequency, 

but the de-embedding of the inductance did have a slight effect on the extraction results. 

Previously, the loss tangent reached a value of 0.05 at about 1.8 GHz. Now, that same value of 

0.05 is reached at 3.7 GHz signifying some improvement.  

The results of this extraction attempt signify that the parasitic inductance that arises from 

the conductors is definitely a crucial element to consider when performing the extraction process. 

However, there still appears to be lingering parasitics causing a situation with the loss tangent 

Dataset of Lpar 

Simulation Data 

Dielectric Properties Extraction Results (Refined Model) 

Input Permittivity Profile 
Input Loss Tangent Profile 
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extraction. The extraction results are still band-limited and exponentially deviate from the 

expected result with frequency. One thing that has not been considered yet, however, is the series 

loss introduced by the conductor plates.  

3.4.4 Full Circuit Model Development and Analysis 

To further develop the circuit model shown in figure 3.7, a frequency dependent series 

loss is added to effectively model the conductor losses in the parallel plate structure. By 

appropriately modeling the conductor losses, they can be de-embedded from the simulation data 

to improve the loss tangent extraction results. The series loss is specified was fit to a model like 

that shown below: 

𝑅𝑠 = 𝑎 + 𝑏√𝑓                                                                    (3.5) 

where a and b are major optimization parameters and f represents frequency (in GHz). By 

running a vector magnitude difference optimization, the values of a and b that represent the loss 

profile are solved for in a similar fashion to the parasitic inductance. The final values of the 

parasitic inductance along with the series loss parameters obtained through optimizations are 

shown in table 3-1.  

 
Table 3-1 - Final optimized values of the parasitics associated with the conductors of the capacitor. 

Parameter Lpar a b 

Value 387 pH 0.1353 0.0011 

 

With element values for the parasitic circuit elements Lpar and Rs, the de-embedding 

process outlined in figure 3.9 can now be performed again. This time, the dataset file within the 

de-embedding block contains circuit data for the newly added series loss, Rs, which is desired to 
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be removed from the admittance analysis. The results of the admittance based extraction of 

dielectric properties after de-embedding both conductor parasitics is shown in figure 3.10. 

 

 

Figure 3.10 - Results of dielectric properties extraction from the improved model that accounts for 

conductor losses.  
 

From the results in the figure, the extracted permittivity is seemingly unaffected from the 

previous extraction results. This is expected since the permittivity extraction only depends on the 

imaginary part of the admittance, adding a series loss to the model should have no effect. The 

resulting extracted loss tangent profile bounces between 0.023-0.027 within the band of 0.1-4 

GHz. This result calculates out to ±8% difference from the expected value of 0.025. This result is 

an appreciable improvement from the last result where only the parasitic inductance was 

considered in the model. After 3.5 GHz, however, the extracted loss tangent beings to deviate 

exponentially from the expected value resulting in a far more band-limited result than the 

permittivity extraction. It is clear from the results that the loss of the proposed parallel plate 

structure is not effectively modeled after 4 GHz.  

An additional possible loss mechanism not yet considered, however, is radiation loss. 

Given the size of the plates, there is a possibility that the structure begins to radiate and  

exponentially affect the loss tangent extraction results with increasing frequency. By modifying 

Input Permittivity Profile 
Input Loss Tangent Profile 
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the previously utilized 3D model of the parallel plate capacitor, the radiation loss, if present, can 

be revealed. By specifying the conductor plates to be a perfect electrical conductor and dielectric 

between the plates to be lossless, the only remaining loss of the simulated structure would be that 

of radiation.  

 

Figure 3.11 - Radiation loss of the parallel plate structure. Results were obtained through a simulation of 

the parallel plate in ANSYS EDT with PEC conductor plates and a lossless dielectric.  
 

Through this modified model investigation, it was found that the parallel plate capacitor 

structure does indeed radiate and has an associated radiation resistance that grows exponentially 

with frequency like that shown in figure 3.11. From the plot, it can be observed that the behavior 

follows a similar trend to that seen in the loss tangent extraction. This data obtained from the 

simulation is taken to ADS where an optimizer fits the loss profile to a frequency dependent loss 

like that shown by equation (3.6). Here, c is the optimized parameter and f represents frequency 

(in GHz). The value obtained for c through optimization was 0.0075. 

𝑅𝑟𝑎𝑑 = 𝑐𝑓2 = 0.075𝑓2                                                       (3.6) 
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Figure 3.12 - Full parasitic model of the DPAM parallel plate capacitor.  
 

By considering all of the mentioned parasitics of the parallel plate structure, the circuit 

equivalent model has evolved to the form shown in figure 3.12. With the three parasitic elements 

Lpar, Rs, and Rrad effectively modeled, they are collectively de-embedded from the original 

simulation data of the parallel plate structure like demonstrated in figure 3.9. The resulting data 

is analyzed using equations (3.3) and (3.4) to extract the permittivity and loss tangent profiles. 

The results of this fully de-embedded simulation extraction are shown in figure 3.13.The final 

optimization values for the parasitic elements are listed in table 3-2. 

 
Table 3-2 - Final optimized values of all of the parasitics of the DPAM parallel plate capacitor. 

Parameter Lpar a b c 

Value 387 pH 0.1353 0.0011 0.0075 
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Figure 3.13 - Extracted permittivity and loss tangent profiles of the fully de-embedded simulation data. 

The parasitic inductance, series conductor loss and radiation loss were de-embedded and 

the resulting admittance was analyzed.  
 

 By incorporating a series loss to account for the radiation of the parallel plate capacitor, 

the loss tangent extraction dramatically improved, effectively doubling the extraction bandwidth 

from 4 GHz to 8 GHz. The largest deviation in the loss tangent extraction was roughly 16% 

occurring around 6 GHz where the extracted profile appears to begin to deviate exponentially. 

The extracted loss tangent profile is indicative of some radiation loss that still exists. A further 

investigation and improvement to the radiation loss model could extend the bandwidth of the loss 

tangent extraction out to even higher frequencies. The extracted permittivity profile in this case 

remains unchanged from the previous extraction attempt since the permittivity extraction 

depends only on the imaginary part of the admittance.  

3.5 Printing  

 In previous sections, the proposed parallel plate capacitor was introduced and designed 

considering some hurdles in practical implementation. Then, a 3D model of the structure was 

generated and analyzed using available CAD software in an attempt to characterize the dielectric 

material between the plates. Next, the proposed parallel plate capacitor design is printed using 

Input Permittivity Profile 
Input Loss Tangent Profile 
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DPAM methods with the goal of achieving a structure with similar dimensions to the design 

already proposed. 

 The capacitor will be printed on top of 60mil Rogers RT/duroid 6010 substrate, identical 

to the simulation model previously presented. The first main goal in the printing process is to 

obtain the proper thicknesses for each respective layer. To match the simulated design, the 

conductor thickness should be 25 um and dielectric thickness should be 100 um. Another goal is 

to ensure nice flat surfaces for each layer with as little roughness possible to be consistent with 

the simulation. 

 The parallel plate capacitor design is built in a three-step process like that shown in figure 

3.14. To start, the bottom ground layer is printed with conductive ink at a height of 40 um above 

the surface of the substrate. This print height was chosen to ensure that enough material is 

dispensed to obtain the desired thickness after curing the material. The chosen printed line width 

for this layer was around 300 um. The script to print the capacitor, however, was written with a 

line spacing of 200 um. The extra 100 um overlap can be helpful when trying to print smooth 

surfaces as the lines merge together and flatten. This is especially true when dealing with high 

viscosity materials. 

 After the first layer is dispensed and cured, dielectric layer is ready to be dispensed over 

the top of it. This dielectric layer is printed at a height of 150 um to ensure enough material is 

dispensed to achieve the desired plate spacing (d) post-cure. When the second layer is dispensed, 

some overlap is intentionally laid down over the side edges of the ground plate to prevent the 

possibility of creating a short circuit with the incoming top layer. Similarly to the 3D model, the 

dielectric layer partially extends over the signal pad in preparation for the bridge connection 

from the top plate. 
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Figure 3.14 - Printed stages of the DPAM parallel plate capacitor: (a) ground layer, (b) ground layer 

with a dielectric layer dispensed on top, (c) full DPAM parallel plate capacitor.   
 

 The last layer to be printed in the structure contains the top conductor plate and the bridge 

down to the signal pad. This final conductor layer is printed at the same height level as the first 

layer (40 um above the surface). The reference point for the printing height of this level is taken 

from the middle of the dielectric layer. Since the dielectric layer was printed in excess over the 

sides, the top plate can be aligned well with the bottom plate. To execute the bridge connection, 

an extra line of code was added to the script to sweep out the last line of the plate printing 

process towards the signal pad below. The quick sweep out to the side was found to create nice 

looking bridges like that seen in figure 3.14 (c).  

(a) 

(b) 

(c) 
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 After each layer was printed and appropriately cured, the result was taken to a Dektak 

3030ST Profiler to observe the surface characteristics of the resulting layer. From this analysis, it 

was found that the conductor levels had an average thickness of about 20 um, but also had some 

undesired roughness where the level would dip as low as 12 um in some cases. As for the 

dielectric, some mixed results were obtained with the thickness. Some of the prepared samples 

were found to have a thickness as low as 80 um and others were found to have a thickness as 

high as 120 um. 

 With some samples prepared, dimension measurements of samples are taken which are 

used in the extraction process. The average value for the top plate width of the samples was 

roughly 2.5 mm which is 0.1 mm larger than the simulated value. As for the plate length, the 

average value was about 1.8 mm which is the value simulated. With the dimensions of the 

conductor plates measured and the distance between plates known, the extraction process can be 

performed on the samples.  

3.6 Measurements 

 In this section, the prepared capacitor samples are measured for s-parameter data which is 

converted to admittance data and analyzed using the method presented in section 3.4.4. The 

VNA used to perform the measurements is a Keysight ENA Series Network Analyzer which was 

calibrated from 0.1-16 GHz. There are 401 points in the measurement and an averaging factor of 

16 was used. The probe used to measure the parallel plate capacitors is a 1200-pitch GGB 

Picoprobe which was calibrated out to the probe tips using a CS-10 substrate.  

With the measurement setup described, the parallel plate samples are measured for 1-port 

s-parameter data. The resulting s-parameter files are imported to an ADS schematic where they 

are fit to a model like that shown in figure 3.12. Initially, the model developed for the 3D 



56 

 

simulation data was used on the measured data in attempt to de-embed the dielectric properties. 

Although the developed loss model was sufficient for the measured data, the parasitic inductance 

model was not. The optimizer in ADS was utilized to run another vector magnitude difference 

optimization to generate a new value for the measured parallel plate parasitic inductance.  

The resulting parasitic inductance that provided the best fit for the measured data was 274 

pH which differs from the value found previously for the simulation data modeling. This 

difference in inductance values can be attributed to the difference between the probing position 

in the measurement and to the port definition in the simulation. To obtain a good measurement 

result, the capacitor had to be probed further down the pads where the conductor surfaces were 

more suitable for a probe landing.  

After a parasitic inductance value was obtained from the measured data of the parallel 

plate, a dataset file was created for the parasitic inductance and loss model which is de-

embedded from the measured data. After the parasitics are de-embedded from the measured data, 

the resulting admittance is analyzed to extract the dielectric properties of the material between 

the plates. The results of the dielectric properties extraction after this de-embedding process are 

shown in figure 3.15. 

Figure 3.15 shows a simulated vs. measured comparison of the measured s-parameter 

data along with the resulting dielectric properties extraction from that data compared against 

Damaskos results. The extracted permittivity profile of the de-embedded measured data from 

0.1-5 GHz shows a flat 16% difference from the Damaskos cavity results. After 5 GHz, the 

extracted permittivity from the de-embedded measured data deviates and tends to infinity. As for 

the loss tangent, the result was found to band-limited to about 6 GHz after which the extracted 
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profile beings to deviate exponentially. This is about 2 GHz less bandwidth than the simulated 

extraction attempt which accomplished a loss tangent extraction out to 8 GHz.  

 

 

 

Figure 3.15 - Measured vs. simulated comparison for the DPAM parallel plate capacitor. Measured vs. 

simulated S-parameters (top) De-embedded simulation data extraction vs de-embedded 

measured data extraction of dielectric properties (bottom). 

 

 To improve the permittivity extraction, Palmer’s rectangular parallel plate capacitance 

formula can be utilized which accounts for the fringing fields of the structure [9]: 

𝐶𝐹𝐹 =
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where the original capacitance equation is multiplied by correction terms for the length and 

width dimensions. The dimension corrections are with respect to the gap length and result in 
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enlarging the dimensions of the plate which lowers the extracted permittivity (see equation 3.3). 

The result of applying Palmer’s formula to the measured data is shown as the red trace in figure 

3.15 which is a downward shifted version of the original measured data.  By applying the 

fringing field correction, the extracted permittivity profile traces the Damaskos data from 1.5-5.5 

GHz where only 2-3% is observed, a dramatic improvement from 16%. Shortly after 5.5 GHz, 

the extracted permittivity begins to deviate exponentially towards infinity. 

 Although the dielectric properties were effectively extracted, the results were band-

limited and have a tendency to deviate exponentially after 5-6 GHz. The loss tangent extraction 

was improved appreciably by effectively modeling the radiation resistance and the permittivity 

was improved through implementation of Palmer’s formula to account for the fringing effects of 

the parallel plate. There is still an apparent exponential deviation of the extracted dielectric 

properties profiles which could likely be attributed to the 1200-pitch probes used to make the 

measurement which are not suitable for high frequencies.  

There were numerous challenges to overcome in development of the parallel plate 

method. Many hours were devoted to learning about the conductive and dielectric inks that were 

used to print the structure as well as developing the printing scripts which are included in 

Appendix C. However, once the process was laid out and the printing process was understood, 

the dielectric characterization process with the parallel plate became much quicker to perform 

with highly accurate results up to 5 GHz. The PCB method was found to be material limited, any 

material than cannot be sanded down cannot be characterized. If you can print the material, you 

can characterize it with the parallel plate method. The parallel plate method takes a bit longer to 

establish, but it can be trusted to produce accurate results.  
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CHAPTER 4: CONCLUSIONS  

 

 

 

 Two methods of dielectric characterization have been proposed, both of which utilize 

direct-print additive manufacturing as part of the extraction process. Both methods presented 

have simple fixtures used to perform their respective extraction process. An analysis was 

conducted for each fixture starting with basic modeling and simulation based extractions, then 

moving on to measurements and practical extractions.  

 The first method shown was a circular capacitor etched in PCB substrate where the 

dielectric to be characterized is dispensed in the gap left behind by the etching process. This 

extraction method relies on a two-measurement based extraction where the combination of data 

files can be used to effectively subtract out the parasitics of the structure, leaving an RC circuit 

with the dielectric properties of interest. With an admittance analysis of the de-embedded result, 

the desired dielectric properties can be extracted. 

When this method was conducted in practice, the results of the extraction for permittivity 

were within ±8% of the expected value from 1-12 GHz. The best loss tangent extraction results 

were between 2-8 GHz where there was about 50% difference from the expected value. The 

results obtained with the fixture suggest that the proposed method would be valuable as a quick 

screening method of dielectric properties.  

 Some advanced modeling of the PCB capacitor fixture was conducted to draw some 

additional conclusions about the effectiveness of the extraction method. A study was conducted 

on the effects of having a dielectric surface level that differs from the conductor cladding height. 
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From this analysis, it was concluded that the extraction method is very sensitive to deviations 

from the ideal scenario where the dielectric surface is perfectly flush with the conductor cladding 

height. As a result, the material should be sanded down to the height of the cladding before the 

measurements of the material filled fixtures is performed in practice. This highlights a key 

material limitation argument surrounding this method, as this sanding process must be performed 

to generate effective extraction results. A slight difference of 1 um between the dielectric surface 

level and conductor cladding height results in about 8% difference in extracted permittivity and 

as much as 15% difference in extracted loss tangent at some frequencies. 

Then, a second method of dielectric characterization is proposed by which a parallel plate 

capacitor is printed exclusively through micro-dispensing conductive and dielectric inks. The 

capacitor is built in a step-by-step process where three layers are stacked on top of each other. 

An analysis was conducted on the proposed parallel plate structure in which a circuit model was 

constructed from 3D model simulation data. Through this analysis, the parasitics of the structure 

were identified and modeled accordingly. With the fully developed model, an extraction of 

dielectric properties from simulated data was conducted which was shown to be effective from 1-

8 GHz for permittivity and loss tangent. 

Then, the parallel plate capacitor method was demonstrated in practice as samples were 

printed by executing the same three-step building process laid out for the simulation. The 

samples were measured for s-parameter data that was ported to ADS where a measured data 

model of the parallel plate capacitor was constructed. By performing a similar de-embedded 

admittance analysis method as the PCB capacitor, the dielectric properties were extracted from 

the measured data. Some additional modeling was performed as a follow up to the initial 

extraction attempt with the goal of improving the results of the extraction. By appropriately 
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modeling the parasitic inductance and loss parasitics, the permittivity extraction and loss tangent 

were effective out to 5 or 6 GHz.  

 The results of the parallel plate extraction of dielectric properties proved to be more 

band-limited than the results obtained with the PCB capacitor method. However, the parallel 

plate method generated results with much higher accuracy within its effective bandwidth than the 

PCB method. One downside of the parallel plate method is that it required a printing process 

foundation to be established which was time consuming to develop. However, after this process 

was put in place, the characterization process became much quicker and more effective.  

The PCB capacitor method was straightforward to perform in practice, but required 

fixtures to be etched in substrate. Additionally, the fixtures were found to have large impedance 

magnitudes, an undesirable characteristic for s-parameter measurements. Additionally, the PCB 

method is limited to materials that can be sanded down post-cure. Any material overflow or 

underflow in the fixture would result in undesired dielectric properties extraction error. The 

parallel plate method can be used to characterize any material that can be printed and the 

impedance of the structure can be controlled.   

4.1 Future Work 

 The two dielectric characterization methods presented were performed on a single 

dielectric ink. Additional investigations could be made to explore the extraction performance of 

the proposed methods with a variety dielectric inks that cover an array of material profiles. In 

regards to the PCB fixture, care should be taken to select dielectric materials that are capable of 

being characterized with both methods. An ideal material would be printable and able to be 

sanded after the material has properly cured.  
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APPENDIX B: MATLAB SCRIPTS 

 

 

 

 Throughout the experiments performed in this work, Matlab was relied on to perform 

calculations with the scripts shown in this section. The first script shown in figure B.1 extracts 

the permittivity and loss tangent profile from a set of s-parameter measurements or simulations 

of the circular PCB capacitor using the method described in section 2.3.  

 

r_in = 400; 
r_out = r_in + 200; 
h = 35e-6; 

  

  
perm = 8.85418782e-12; 
c_air = (2*pi*perm)*(h/(log(r_out/r_in))); 

  

  

  
data_air = read(rfdata.data, empty.s1p'); 
freq = data_air.Freq; 
s_air = extract(data_air, 'S_PARAMETERS', 50); 

  
data_mut = read(rfdata.data, 'filled.s1p'); 
freq2 = data_mut.Freq; 
s_mut = extract(data_mut, 'S_PARAMETERS', 50); 

  

  
a = size(freq); 
b = a - [0 1]; 
limit1 = norm(b); 

  
a2 = size(freq2); 
b2 = a2 - [0 1]; 
limit2 = norm(b2); 

  

  
for i = 1 : limit2; 

     
   w(i,1) = (2*pi)*(freq(i,1)); 
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   z_air(i,1) = 50*((1 + s_air(1,1,i))/(1 - s_air(1,1,i))); 
   z_mut(i,1) = 50*((1 + s_mut(1,1,i))/(1 - s_mut(1,1,i))); 
   w_imag_air(i,1) = (1/(w(i,1)*imag(z_air(i,1)))); 
   w_imag_mut(i,1) = (1/(w(i,1)*imag(z_mut(i,1)))); 

    
   c_d(i,1) = w_imag_air(i,1) - w_imag_mut(i,1) + c_air; 

    
   epsilon(i,1) = c_d(i,1)/((2*pi*perm)*(h/(log(r_out/r_in)))); 
   tan_d(i,1) = (c_d(i,1)*w(i,1))*(real(z_mut(i,1)) - real(z_air(i,1))); 

    

    
end 

  
plot(freq2,epsilon), title('\fontsize{18}Permittivity Extraction'),  
xlabel('\fontsize{14}Frequency (GHz)'),  
ylabel('\fontsize{14}Epsilon'); 
axis([0.1e9 18e9 5 20]); 
grid on; 

  
figure 
plot(freq2,tan_d), title('\fontsize{18}Loss Tangent Extraction'),  
xlabel('\fontsize{14}Frequency (GHz)'),  
ylabel('\fontsize{14}Epsilon'); 
axis([0.1e9 18e9 -0.1 0.1]); 
grid on; 

  
csvwrite('LOSS_SIM',tan_d); 
csvwrite('PERM_SIM',epsilon); 

 
csvwrite('freq',freq);  

  

  

  

 

 

  



69 

 

 

 

 

 

 

APPENDIX C: PRINTER SCRIPTS 

 

 

 

 In this section, the scripts used to perform the printing tasks on the nScrypt printer are 

included for reference. All of the scripts in this section were written by hand by a combination of 

Matlab and Excel. To create the script that prints inside the PCB capacitor, first a circle was 

parameterized in Matlab. From there, a differential vector was created between the successive 

points to generate a format suitable for a printer. Then, excel was used to generate the repetitive 

“MOVE” commands and structure the code. The script generated that prints a circle suitable for  

 
speed 1 

 

move 0.45 0 0 

 

trigvalverel 0.15 8 

trigwait 0.01 

 

move -0.004 0.056 0 

move -0.011 0.056 0 

move -0.017 0.054 0 

move -0.024 0.051 0 

move -0.030 0.048 0 

move -0.036 0.044 0 

move -0.041 0.039 0 

move -0.046 0.033 0 

move -0.050 0.027 0 

move -0.053 0.021 0 

move -0.055 0.014 0 

move -0.056 0.007 0 

move -0.057 0.000 0 

move -0.056 -0.007 0 

move -0.055 -0.014 0 

move -0.053 -0.021 0 

move -0.050 -0.027 0 

move -0.046 -0.033 0 

move -0.041 -0.039 0 

move -0.036 -0.044 0 

move -0.030 -0.048 0 

move -0.024 -0.051 0 

move -0.017 -0.054 0 

move -0.011 -0.056 0 

move -0.004 -0.056 0 

move 0.004 -0.056 0 

move 0.011 -0.056 0 

move 0.017 -0.054 0 

move 0.024 -0.051 0 

move 0.030 -0.048 0 

move 0.036 -0.044 0 

move 0.041 -0.039 0 

move 0.046 -0.033 0 

move 0.050 -0.027 0 

move 0.053 -0.021 0 

move 0.055 -0.014 0 

move 0.056 -0.007 0 

move 0.057 0.000 0 

move 0.056 0.007 0 

move 0.055 0.014 0 

move 0.053 0.021 0 

move 0.050 0.027 0 

move 0.046 0.033 0 

move 0.041 0.039 0 

move 0.036 0.044 0 

move 0.030 0.048 0 

move 0.024 0.051 0 

move 0.017 0.054 0 

move 0.011 0.056 0 

move 0.004 0.056 0 

 

valverel 0 5 

speed 50 

 

move 0 0 5 

 

Figure C.1 – Script that prints the circle required for the PCB characterization method. 
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the characterization method described in chapter 2 is shown in figure C.1. This script was 

designed to print a circle that has a radius around 450 um since this was determined to be a good 

average value for the fixtures prepared. 

The combination of scripts used to print the DPAM parallel plate capacitor are shown in 

the next series of figures C.2-C.4. Each script represents a layer of the capacitor starting from the 

first layer. The scripts were written with the intention of matching the 3D simulation model in 

chapter 3 where the line thickness was chosen to be 200 um.  

 

speed 3   

    

trigvalverel 0.10 0.1

  

trigwait 0.01   

move 0 1.5 0 

move 2.5 0 0 

move 0 -1.5 0 

move -2.40 0 0 

move 0 1.45 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

 

valverel 0 5  

speed 5   

    

move 0 0 5 

move -2.45 -1.45 0 

move 0 0 -5 

wait 0.001   

    

speed 0.5   

    

trigvalverel 0.09 0.5

  

trigwait 0.01   

move 0 -1 0 

move 0.5 0 0 

move 0 0.95 0 

move -0.45 0 0 

move 0 -0.9 0 

move 0.2 0 0 

move 0 0.9 0 

move 0.2 0 0 

move 0 -0.9 0 

valverel 0 5  

speed 5   

    

move 0 0 5 

move 1.55 0.95 0 

move 0 0 -5 

wait 0.001   

    

speed 0.5   

    

trigvalverel 0.09 0.5

  

trigwait 0.01   

move 0 -1 0 

move 0.5 0 0 

move 0 0.95 0 

move -0.45 0 0 

move 0 -0.9 0 

move 0.2 0 0 

move 0 0.9 0 

move 0.2 0 0 

move 0 -0.9 0 

valverel 0 5  

speed 5 

    

move 0 0 5 

move -1.45 0 0 

move 0 0 -5 

wait 0.001   

    

speed 0.5   

    

trigvalverel 0.09 0.5

  

trigwait 0.01   

move 0 0.5 0 

move 0.5 0 0 

move 0 -0.5 0 

move -0.5 0 0 

move 0.25 0.25 0 

valverel 0 5  

speed 5   

 

 

Figure C.2 - Script that prints the first layer of the DPAM parallel plate capacitor. 
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speed 3   

    

trigvalverel 0.34 1

  

trigwait 0.01   

move 0 1.5 0 

move 2.5 0 0 

move 0 -1.6 0 

move -2.40 0 0 

move 0 1.55 0 

move 0.2 0 0 

move 0 -1.5 0 

move 0.2 0 0 

move 0 1.5 0 

move 0.2 0 0 

move 0 -1.5 0 

move 0.2 0 0 

move 0 1.5 0 

move 0.2 0 0 

move 0 -1.5 0 

move 0.2 0 0 

move 0 1.5 0 

move 0.2 0 0 

move 0 -1.5 0 

move 0.2 0 0 

move 0 1.5 0 

move 0.2 0 0 

move 0 -1.5 0 

move 0.2 0 0 

move 0 1.5 0 

move 0.2 0 0 

move 0 -1.5 0 

move 0.2 0 0 

move 0 1.5 0 

 

valverel 0 5  

speed 5 

  

 

Figure C.3 - Script that prints the dielectric layer of the DPAM parallel plate capacitor. 
 

 

speed 3 

  

    

trigvalverel 0.1 0.3

  

trigwait 0.01 

  

move 0 1.4 0 

move 2.4 0 0 

move 0 -1.4 0 

move -2.30 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

move 0.2 0 0 

move 0 -1.4 0 

move 0.2 0 0 

move 0 1.4 0 

 

valverel 0 5

  

speed 5 

  

 

 

Figure C.4 - Script that prints the third layer of the DPAM parallel plate capacitor. 
 

   


