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started with powers of 100 mW increasing to 205 mW increments of 25 mW. Power was measured 

in the same fashion as previous power experiments.    

Figure 2.5.3: (a) shows an example of scan speed measurements, where each letter label corresponds to a scan speed 

increasing in speed by increments of 5 μm/s (A=5 μm/s, J=50 μm/s), power= 130 mW, TPO-L concentration= 3% by 

w.t. (b) shows an example of power variance measurements, where the letter B corresponds to power= 67 mW and 

scan speed= 15 μm/s. 

 

2.5.3 Heating Experiment Procedure 

The goal of this experiment was to incrementally increase temperature and at these 

temperatures, fabricate structures varying power and scan speed in order to determine the effect of 

temperature on line width. The standard structure shown in Figure 2.5.2 was used in this 

experiment and made using the same program and set up. Rows of 10 structures varying scan speed 

were created in columns varying power in a 3% TPO-L resin composition. Up to 2 of each set of 

structures were created. Scan speeds started with a speed of 5 μm/s, increasing in increments of 5 

μm/s to 50 μm/s. Powers started with powers of 100 mW increasing to 205 mW increments of 25 

mW. Before writing, the temperature was monitored via thermometer and allowed to equilibrate 

for as long as necessary. Heat was applied to the sample using the resistive heating device, which 
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was placed over the resin, sandwiching the resin sample between the modified glass and the 

resistive heater’s glass surface. Power was supplied to the circuit using an Agilent E3611A DC 

Power Supply, and connected to the circuit leads. A calibration curve was created in order to 

accurately estimate the temperature of the heater as a function of current applied and can be found 

in Appendix C. Figure 2.5.4 shows the circuit setup as used for heating experiments.  

 

 

 

Figure 2.5.4: The circuit setup for heating experiments consists of a thermometer, the sample, and power supply 

connections powered by an Agilent E3611A DC Power Supply (not pictured). 

 

 2.5.4 Cooling Experiment Procedure 

  The goal of this experiment was to incrementally decrease temperature and at these 

temperatures, fabricate structures varying power and scan speed in order to determine the effect of 

temperature on line width. The standard structure shown in Figure 2.5.2 was used in this 
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experiment and made using the same program and set up. Rows of 10 structures varying scan speed 

were created in columns varying power in a 3% TPO-L resin composition. Up to 2 of each set of 

structures were created. Scan speeds started with a speed of 5 μm/s, increasing in increments of 5 

μm/s to 50 μm/s. Powers started with powers of 100 mW increasing to 205 mW increments of 25 

mW. Two methods were used to cool the resin sample before and during fabrication. Before 

placing the resin sample into the inverted microscope, it was sealed in a container and its 

temperature was allowed to equilibrate. Ice or dry ice were used to measure progressively cooler 

temperatures, although there was no physical temperature measurement of the sample. Once 

cooled sufficiently, the sample was placed in the inverted microscope for fabrication. After every 

two rows of structures, a sealed container of either ice or dry ice was placed onto the sample in the 

inverted microscope in order to sustain cool temperatures for as long as possible.  
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3. Results & Discussion 

3.1 Proof of Concept 

 Before even beginning to understand the inner workings of using LOPA to optically initiate 

radical polymerization, it was important to characterize the capabilities of LOPA in comparison to 

TPP. Because low one-photon absorption is inherently still a one photon process, an intuitive 

argument for its limitations are those that also apply to standard one-photon absorption. To 

summarize, these limits include the proximity effect, radical initiation outside of the focal point, 

and insurmountably large voxel size13. To scrutinize this hypothesis, four structures were made to 

address each potential limitation of LOPA and were imaged through an SEM. These standard 

structures are featured below in Figure 3.1.1. 

Figure 3.1.1: Model structures to be fabricated using LOPA and TPA respectively. The top left features dots varying 

in distance between each other, the top right features a 3D table, the bottom left features lines varying scan speed, 

and the bottom right features 3D pillars and walls. 
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On the top left of figure 3.1.1 are dots produced through 1 second exposures, which 

progressively shorten in distance between each dot. There are multiple goals in creating this 

structure. The first is to demonstrate the relationship between feature size and the proximity in 

which these features are written with the goal of finding if LOPA can produce feature sizes 

comparable to TPP. If the dots created using LOPA gradually increased throughout the fabrication 

process, this would indicate that radicals were being created outside of the focal point and were 

diffused into the resin, leaving them primed to polymerize with any monomer nearby. Secondarily, 

the dots also indicate size limitations outside of the proximity effect. By measuring feature sizes 

of both LOPA and TPA fabrications, it can be determined if dots made through LOPA are 

consistently larger than those fabricated using TPP.  

On the bottom left are lines fabricated with progressively faster speeds. Distance between 

lines was kept constant and far as to not peripherally test the potential proximity component of 

LOPA. Similar to the dot structures, there are multiple goals of this fabrication. The first of these 

was to test for any line width inconsistencies using LOPA that may occur due to a combination of 

the hypothesized limitations of proximity effect and size limitation. If the lines created at slower 

speeds produced large line widths in comparison to TPA, this would indicate an inherent size 

limitation during any writing process caused by polymerization outside of the focal point. If lines 

written at any speed formed with increasing thickness through the length of the structure, this could 

indicate the presence of the proximity effect. A second goal of this structure is to test for initiation 

times of both LOPA and TPA.  If lines created at higher speeds were too thin, causing them to 

topple or fold, this would indicate that the polymerization process as it relates to exposure time is 

too lengthy for general applications in DLW. If the lines fabricated with LOPA are shorter than 
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those fabricated with TPA, this could indicate longer reaction initiation times in the former 

fabrication process. 

On the top right is a tall 3D table, whose fabrication was aimed at testing whether quality 

3D structures could be created using LOPA. If tall tables created using LOPA were unable to stand 

because they were too thin or otherwise structurally deficient, this would indicate limitations in 

the integrity of any 3D structure created using this method. If, by contrast, the tall tables were 

unrecognizable or its features were relatively large in comparison to TPA methods, this would 

indicate polymerization outside of the focal point region or other inherent size limitations. One 

may expect the top of the table to become robust and round in shape due to these deficiencies, as 

hypothesized in other works13. Additionally, if polymerization were not exclusive to the focal point 

of the laser, there will be polymerization occurring underneath the table which may result in a 

completely polymerized underside in an extreme case. 

Finally on the bottom right is a pillar and wall structure. Pillars were created without any 

exposure or distance variance, although distance was kept short, and were fabricated on each side 

of the wall. This structure aimed at directly testing the proximity effect by blocking any potential 

radicals on each side of the wall. If the pillars gradually increase in size as they approach the wall 

and then abruptly shrink before growing again upon leaving the wall, this would indicate a clear 

proximity effect.  
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Figure 3.1.2: This figure shows a visual comparison of the dot structure model (left), fabrication using TPP (middle), 

and fabrication using LOPA (right). 

 

Figure 3.1.2 depicts the dot structures created using both LOPA and TPA methods of DLW. 

It is clear that at distances of 5 μm and 3 μm for both LOPA and TPA, there is little to no proximity 

effect and structures are of comparable sizes. When comparing measured voxel diameters of the 

first measurable dot and last measurable dot for TPA, we find that the first measurable dot for the 

first row (5 μm spaces between dots) is 0.87 μm and the last measured dot is 1.0 μm, a 15% size 

increase. A LOPA comparison of first and last dots of the first row yields voxel widths of 0.9 μm 

and 1.0 μm respectively, an 11% size increase. For the second row (3 μm spaces between dots), 

TPA first and last dots yield the same measurements as before. In the case of LOPA, the first and 

last dots measure at 0.9 μm and 1.25 μm respectively, a 38% size increase. Again, the third row 

for TPA (2 μm spaces between dots) yields the same measurements as the first and second rows, 

while the first and last measurable dots for LOPA are both 0.9 μm. This equivalency could easily 

be as a result of measuring dots closer to the middle of the row than on either end.  Due to the 

consistently small feature sizes of the dots created in the middle sections, additional 
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polymerization could easily point to deficiencies in the instruments used in automated fabrication, 

specifically the speed at which the shutter (a device which blocks and unblocks laser light) 

functions. At 1 μm, both LOPA and TPP dots begin to merge to form pseudolines.  

These results show that the dots created by TPP seem to have distinguishable features but 

the dot radius is greater than 500 nm, leading to the merging dots. On the other hand, LOPA dots 

form a more cohesive line, indicating at least some size inflation due to the proximity of the dots. 

This size inflation is distinct from the proximity effect, as the line created is of consistent line 

width. This inflation may be caused by some presence of unterminated radicals still present near 

the dots, which are the same conditions that promote the proximity effect, but the radicals formed 

are too few to accumulate in a compounding manner as it would in the case of the proximity effect.  

Considering that the goals of creating these rows of dots were to one, test for any proximity effect 

and two, test for size limitations of LOPA fabricated voxels, the results seen from dot 

measurements show that both TPA and LOPA measurements show some proximity effect in all 

cases, but LOPA developed a slightly more pronounced polymer accumulation as the distance 

between voxel decrease. While this does indicate that LOPA is more susceptible to the proximity 

effect than TPA, it is yet to be seen that this susceptibility excludes LOPA from DLW usages in 

3D.  
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Figure 3.1.3: This figure shows a visual comparison of the line structure model (left), fabrication using TPP (middle), 

and fabrication using LOPA (right). 

 

Figure 3.1.3 depicts lines created using TPA and LOPA, with the model for reference. The 

beginning and end of each line was measured to test for proximity effect, initiation time and size 

limitations. The length of each line was also measured to test for initiation time limitations. Table 

1 shows the measurements taken from the SEM images in Figure 3.1.3. 

 

TPA & LOPA Line Width Measurements 

Order 
(top to 
bottom) 

Scan 
Speed 
(µm/s) 

TPA line 
start (µm) 

LOPA  line 
start (µm) 

 TPA line 
end (µm) 

 LOPA line 
end (µm) 

TPA Length (µm) LOPA Length (µm) 

1 10 0.75 0.75 0.75 0.75 20.0 21.0 

2 15 0.75 6.25E-01 0.75 6.25E-01 20.0 2.12E+01 

3 20 6.25E-01 6.25E-01 6.25E-01 6.25E-01 2.02E+01 2.15E+01 

4 25 6.25E-01 6.25E-01 6.25E-01 6.25E-01 2.02E+01 2.12E+01 
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Table 1: Measured line widths and lengths for lines fabricated using both TPA and LOPA methods corresponding to 

Figure 3.1.3. 

 

Similar to the results of the dot structures, the difference between the line widths of TPP 

and LOPA methods at any scan speed are very small. All scan speeds were chosen for the purpose 

of simulating common scan speeds in 3D structure fabrication, leading to only a small anticipated 

variance in line width for a given structure. For LOPA lines specifically, there seems to be no 

accumulation of polymer as along the length of each line, a good indication that there is no 

significant proximity effect as lines are drawn. There is also no indication of slow polymerization 

resulting in vanishingly thin lines or inconsistent line width. Interestingly, the lengths of lines 

created using LOPA are consistently longer than those created with TPA. Although the differences 

in length are not drastic, they are worth noting. It’s likely that this difference is caused by the 

distinguishable size of the ends of the LOPA lines in comparison to the ends of the TPA lines. 

Especially in the second and third lines, there looks to be pronounced bulbs formed at either end. 

This could be caused by a delay produced by the fabrication software. Notably, no line shortening 

is seen, indicating that there isn't a noticeable initiation delay in LOPA fabrication. 
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Figure 1.3.4: This figure shows a visual comparison of the 3D fabrication capabilities of each DLW method 

based on the  model depicted on the left, fabrication using TPP (middle), and fabrication using LOPA (right). 

 

 Figure 1.3.4 depicts a tall table fabricated using both DLW methods, with a model (left) 

provided as comparison and to show feature specifications. There are minor, yet clear differences 

between the images shown. The table fabricated by TPP shows spreading at the bottom legs, and 

in comparison to the LOPA table, has a smoother tabletop despite an prominent “x” running along 

its surface. Focusing on the legs, it is possible that any spreading seen is simply undissolved resin 

causing an accumulative effect at the intersection of the surface and the structure. This is further 

supported by the surrounding surface, which is also spotted with what seems to be this undissolved 

resin. The “x” insignia on the surface of the top was not intentional in either design, but is a 

byproduct of the manufacturing process of the table top. To create the square surface, the focal 

point traced consecutively smaller squares, starting at the furthest points connecting the table legs. 

At each corner, the program rests for a fraction of a second, which could allow for some unintended 

polymerization to occur at these points. The same can be seen for the table top created via LOPA, 

although the “x” created is more prominent. The prominence of this “x” as opposed to that created 

through TPP implies larger feature size or some accumulation component as seen in the dot 
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structures. It is important to note that, as in the case of the dot structures, there is no visible increase 

in the size of “x” moving towards the center of the table top, dispelling the possibility of the 

proximity effect being the cause of this relative size increase. Other features of the table exclude 

the possibility of significantly larger feature size contributing to these differing characteristics, as 

individual lines on the tabletop are distinguishable. This surprisingly is not the case for the TPP 

fabricated tabletop. Finally, the legs of the LOPA table carry a different shape in comparison to 

the TPP fabricated legs. This comparison is difficult to make, considering the “shadow” of the TPP 

legs, which would inevitably hide any features similar to the LOPA legs. The textured legs 

themselves could also be a byproduct of the fabrication process, in a similar fashion as the tabletop. 

Alternatively, this texture could also be caused by a spread in the focal point of the 532 nm laser 

in comparison to the 800 nm laser. This could be due to a number of things, mainly the quality of 

the laser itself, the laser scheme length, and the quality of the optical equipment within the scheme. 

The legs of each table were created by writing a series of four dots using a one second exposure 

time, and the focal point was manually changed one micron at a time. The distinguishable voxel 

shapes making up the table’s legs are an interesting, yet unintended, byproduct of this process. 

Despite these feature differences, there is no polymer accumulation resulting in unrecognizable or 

significantly altered 3D structures, nor is there excess polymerized resin in the surface surrounding 

the structure, specifically on the underside of the table. This demonstrates the locality of 

polymerization during 3D fabrication using LOPA, since no polymerization has occurred outside 

of the focal point region.  
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Figure 1.3.5: This figure shows a visual comparison of the pillar-wall structure model (left), fabrication using TPP 

(middle), and fabrication using LOPA (right). 

 

 Figure 1.3.5 depicts a series of pillars bisected by a wall, fabricated using TPP (middle) 

and LOPA (right) methods. It is important to note that no specification was made about controlling 

the height of the pillars, and thus a height comparison of the pillars created cannot be made in good 

faith. There is something to be said about the differing shape of the pillars created, and what 

contribution, if any, it had on the converging pillar features. In comparison to the pillars created 

using TPP,  the LOPA pillars have a distinct waist at a point roughly halfway between the pillars’ 

ends. Although the top parts of the pillars never converge in the same fashion as seen at the 

bottoms, they do seem to topple onto each other. Since at no point the bottoms of the voxels are 

distinguishable and separated from each other, it is not possible to draw any conclusions regarding 

the proximity effect from these results alone. It is interesting, though, that in the case of the TPP 

pillars, a progressive size increase can be seen regardless of the presence of the wall. This is 

surprising, considering that there is no proximity effect associated with TPP. A secondary cause 

could be the imaging of resin trapped between the pillars, masking any separation there may have 


