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INTRODUCTION 

STATEMENT OF THE PROBLEM 

Three-dimensional printing is quickly becoming a unique and powerful tool in the 

dental community. The 2017 dental 3-D printing market was valued near $1.78 billion 

and is projected to rise to around $5.06 billion by 2023. Three-dimensional printing can 

be utilized in many ways in dentistry and is now making its way from dental laboratories 

into individual private practices. One of the uses of 3-D printing in private practice 

includes creation of surgical guides for precise placement of dental implants. The cost 

and time of printing a surgical guide in a private practice setting is significantly less than 

for lab-ordered guides. The ideal surgical guide needs to be strong and biocompatible, 

due to its intraoral use for placing implants at bleeding surgical sites. 

Dental surgical guides can be 3-D printed with a surgical guide resin that is 

designed to be biocompatible. The ability of dentists to 3-D print with biocompatible 

materials has also led to another opportunity. The coronavirus disease rapidly took hold 

of the world and left many areas in need of supplies. Testing kits were one of the key 

supplies that were in short demand. A design for a 3-D printed nasopharyngeal swab 

was developed to be used for coronavirus disease testing. This swab could then be 

printed in any 3-D printer with biocompatible resin, thus opening an opportunity for 

dentistry to contribute to the greater good.  

The availability of in-office, 3-D printing across all different types of private 

practices has opened many new opportunities for dentists. However, the widespread 

availability of 3-D printing has also led to variation in materials, 3-D printers, post-
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processing, and sterilization and disinfection protocols of the 3-D printed surgical guides 

and nasopharyngeal swabs. Post-processing is the important step of finalizing the 

properties of the surgical guide, enabling the as-printed form to be ready for clinical use 

via an isopropyl alcohol wash and additional light exposure. Sterilization or disinfection 

is the important step prior to using 3-D printed surgical guides or nasopharyngeal swabs 

in patient care. However, the sterilization or disinfection steps can alter the properties of 

the final 3-D printed object and this potential problem has untested consequences. The 

rapid pace of advancement in 3-D printing technology has left little time for the 

methodical pace of research. Thus, the detailed effects of sterilization or disinfection of 

surgical guides and nasopharyngeal swabs remain untested. 

SIGNIFICANCE 

If the effects of age, sterilization, and disinfection can be tested and understood, 

then clinicians and researches can apply this knowledge to 3-D printed surgical guides 

and nasopharyngeal swabs to provide optimal mechanical and biological properties. 

The properties of surgical guides and nasopharyngeal swabs are important for not only 

the biocompatibility of the guide, but also for its accuracy and ability to withstand 

physical stresses without fracture. Thus, a better understanding of how sterilization and 

disinfection affects the physical properties of surgical guides and nasopharyngeal 

swabs significantly affects the future success of all involved in the production or use of 

these products. 
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REVIEW OF THE LITERATURE 

Formative, Subtractive, and Additive Manufacturing 

 The history of dentistry includes use of three different manufacturing methods: 

additive, subtractive, and formative fabrication techniques. One of the original methods 

of formative manufacturing in dentistry dates to 1907, when William Taggart invented 

the “lost wax” casting machine. [2] This machine can replicate a lab-fabricated wax 

crown into the final metal crown that a patient will receive. Subtractive manufacturing, in 

the form of milling machines, was first reported in dentistry by Francois Duret, in 

1971.[3] The newest form of manufacturing in dentistry uses additive processes, such 

as 3-D printing. One of the first dental 3-D printing systems on the market was from 3D 

Systems in 2006.[4] 

Formative Manufacturing 

Formative manufacturing involves bending, forging, or casting to produce a product. 

The “lost wax” technique is often used in dentistry and is performed by making a mold of 

a hand-waxed form and then burning or melting out the wax and replacing it with the 

final material, such as metal or acrylic.[5] Formative manufacturing is efficient for mass 

production of the same product, but in dentistry, the same exact mold is almost never 

used twice. However, formative manufacturing was essentially the only way to make 

dental products, until the late 20th century. These processes are still used today for 

many aspects of dentistry. The benefits include higher esthetics due to laboratory 

technician proficiency, low dentist time requirements, general use for most dental 

products, and good overall quality. The downsides include high labor cost, high lab time 

requirements, use of primarily analog process, and variation in final product 
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properties.[6] Overall, formative manufacturing is still the standard fabrication method in 

dentistry, but it is being replaced in certain areas by subtractive and additive 

manufacturing. Figure 1 depicts the traditional steps in creating a dental crown using 

formative manufacturing.  

 

Figure 1: Formative manufacturing process for fabricating a dental prosthesis. The process starts with a 
model in 1-A; 1-B/C show the wax model of the crown; 1-D is the metal crown replacing the wax; 1-E to 1-

H depict the porcelain painted onto the crown and successive firing to create the final crown. [6] 

Figure 1 A shows the initial model of a patient’s mouth. Figure 1B/1C portray the wax 

model of a dental crown, which is then invested in a special, heat-resistant stone 

encasement material. Molten metal is then directed to occupy the void left by the wax, 

which recreates the wax crown in metal, as displayed in Figure 1D. Figure 1E-G 

illustrate porcelain being painted onto the metal crown, which is then fired in a furnace, 

glazed, and fired again. Figure 1H presents the final crown after the second firing in the 

furnace. Digital technology can be used to create this same product (a porcelain fused 
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to metal crown) by milling an ingot of metal (or laser sintering powdered metal) to form 

the metal crown, and then pressing a semi-molten ceramic overtop of the metal, to 

which it fuses. A much less time-consuming, less costly, and more reproducible method. 

 
Subtractive Manufacturing 

Subtractive manufacturing is the process by which material is strategically and 

sequentially removed from a solid block to produce the desired object. Subtractive 

manufacturing in dentistry uses milling machines, which originally were only available in 

larger scale dental laboratories, but have made their way into individual dental 

practices. For example,  milling machines can reduce a pre-fabricated block of lithium 

disilicate into a crown that can then be used to restore a patient’s tooth.[7] Figure 2 

shows a dental milling machine producing a crown via subtractive manufacturing.  

 

Figure 2: Subtractive manufacturing process for fabricating a dental prosthesis. This milling machine is 
using a bur to remove ceramic material and create a crown. [8] 

The benefits of subtractive manufacturing include shorter fabrication time, use of 

commercially produced uniform material substrates, reduction in overall costs, and 

digital design and control capabilities. Disadvantages of this type of manufacturing 
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include lower esthetics compared to the formative method, material waste, high initial 

equipment cost, and extensive equipment maintenance.[9]  

Additive Manufacturing 

Additive manufacturing is synonymous with 3-D printing and refers to a technique where 

3-D objects are constructed by successively adding layers of material. Figure 3 

illustrates an example of a 3-D printer and its components.  

 

Figure 3: Example of 3-D printer components used in additive manufacturing [10] 

All 3-D printers begin with a digital model that serves as the blueprint for the object to be 

printed. The printing software then takes this blueprint and turns it into many extremely 

thin slices that the printer creates. Additive manufacturing can also produce products 

that have varying internal densities to minimize material use and optimize product 

properties. The first use of additive manufacturing was for rapid prototyping which 

decreased the time required to design a new product. [11] In dentistry, 

stereolithography, or 3-D printing, is generally carried out through photopolymerization 
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of a liquid resin that is light cured in successive layers (each only microns-thick) to form 

a solid 3-D object (Vat Photopolymerization). After initial production of the 3-D object in 

vat photopolymerization printers, the item then goes through a post-processing step, 

which includes washing in isopropyl alcohol to remove adherent, unpolymerized surface 

resin and a final exposure to light to cause additional polymerization.[10] The 

advantages of 3-D printing include lower initial cost of desktop printers which are less 

expensive than milling machines, low material cost, short timeline to reach a final 

product, low material waste, digital design and process control, and good accuracy. 

Disadvantages of this type of manufacturing include the need for and variation in post-

processing after initial form printing, a steep learning curve for startup, the need for a 

well-controlled waste protocol, and limited material selection.[12] Additive manufacturing 

is being rapidly adopted by the dental field, especially because of its potential to be 

used inside individual dental offices to produce a multitude of dental products. 

Economics of 3-D Printing 

The market size of 3-D printing in dentistry had already reached $1.39 billion in 2017 

and is expected to more than triple by 2023.[13] 3-D printing has clearly become an 

innovative and useful manufacturing technique in this profession. The research aspect 

of 3-D printing is also rapidly increasing, with the number of publications related to 3-D 

printing in dentistry increasing  from near 0 in 2011 to over 100 in 2017.[5]  

Types of 3-D Printers 

Additive manufacturing, or 3-D printing, includes at least 10 different methods to 

fabricate a form. All of these methods first utilize computer aided design of the 3-D 
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object prior to printing. Some methods include selective laser sintering (SLS), selective 

laser melting (SLM), electronic beam melting (EBM), laminated object manufacturing 

(LOM), binder jetting, and material jetting.[14] However, those methods are not currently 

optimized for dental products and are seldom used in dentistry due to the need for 

specialized printers and materials, high cost, and extensive time required. The 

remaining additive methods include fused deposition modeling (FDM), stereolithography 

(SLA), digital light processing (DLP), and mask stereolithography (MSLA) which are 

often used in dentistry.[14] Stereolithography, mask stereolithography, and digital light 

processing all fall under the category of Vat Photopolymerization printers as well. 

Fused Deposition Modeling 

Fused deposition modeling (FDM) uses a continuously fed, thermoplastic filament from 

a spool that is heated as it is extruded out of a nozzle.[14] The travel path of the nozzle 

as it extrudes molten material over a plane then creates a 3-D object, using a line-by-

line and layer-by-layer technique. Figure 4 depicts an FDM printer depositing layers of 

thermoplastic material. 
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This printing method requires more time, but the object does not require any wash or 

post-curing after the print is complete. One disadvantage of FDM printed parts is that 

they exhibit anisotropic properties, meaning that the parts are weaker in one direction. 

[11] A number of materials are utilized in FDM printing. Acrylonitrile butadiene styrene 

(ABS) is one of the most common materials; LEGO® pieces are made from ABS. The 

cost of FDM printing is generally low, but the resolution and surface finish are also 

relatively poor. The resolution of a 3-D printer is measured in the X, Y, and Z 

dimensions. The X-Y resolution on an FDM printer is limited by its nozzle diameter, 

which can be as small as 400 microns on modern printers. The Z-dimension resolution, 

or layer height, on modern FDM printers can reach 20 microns. The strength of FDM 

products varies based on the thermoplastic material used and the design of the internal 

structuring, but can be quite strong using materials such as polyether ether ketone 

(PEEK). Fused deposition modeling can also create biocompatible parts using one of its 

many material options.  [15] 

Stereolithography 

Stereolithography (SLA) uses a concentrated beam of light, generally an ultraviolet 

laser, to selectively expose layers of uncured resin to create a three-dimensional 

object.[10]  Generally, a laser beam is directed onto a mirror, which then reflects the 

light onto only specific spots of the uncured resin layer and exposes it. As each layer is 

completed, the build platform moves to create space for the next layer. Figure 5 

portrays the process of SLA printing.   

Figure 4: Diagram of fused deposition modeling 
1:Extruding nozzle 2: 3-D object 3: Build platform [1] 
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Figure 5: Example of an upside-down stereolithography printer creating an object [15] 

This process can be performed with the laser underneath the resin, curing from the 

bottom of the resin tank, or with the laser above the resin and curing the top layer of 

resin within the resin tank. SLA printing is highly accurate, but does take more time to 

create an object, because the laser beam must track the entire image path with the 

point of the beam for each layer. After the object is printed, it must be washed in a 

chemical solvent to remove uncured surface monomers, and then post-cure UV-

exposed to achieve its final state of strength and biocompatibility. [14] SLA printers 

produce similar products as DLP printers, with respect to accuracy, strength, and 

biocompatibility. However, SLA printer “accuracy,” or resolution, generally is slightly 

greater than that of DLP printers. SLA printers can reach X, Y, and Z axis resolutions of 

25 microns. 

 
Digital Light Processing 

Digital light processing (DLP) printers utilize either an ultraviolet or a visible light 

emitting lamp as the light source. This process involves the light emitting lamp being 

reflected by a mirror onto liquid resin and exposing the image of an entire layer at a 

single time. [14] Thus, time to complete printing a form using DLP is significantly lower 
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than that using SLA printing. Digital light processing technology utilizes a digital 

micromirror device (DMD) to create a dynamic mask for the light source. The digital 

micromirror device incorporates thousands or millions of micromirrors that correspond to 

pixels. Each mirror can be in the “on” or “off” position. The “on” position allows light to 

pass through and the “off” position reflects light into a heat sink. Light that is allowed to 

pass through produces the desired image representing the entire desired slice of the 3-

D printed object to be created in the resin. [16] DLP printer resolution is impacted by the 

pixel resolution of the DMD, with more pixels creating a better resolution. The 2-

dimensional “pixel” turns into a 3-dimensional “voxel” (a volumetric unit) once it cures 

the resin and is the basic unit of DLP 3-D printing. Similar to the DLP 3-D printer, the 

light emitting diode (LED) type of 3-D printer directly exposes the resin layer to light 

without any mirrors or digital micromirrors and the resolution is directly related to the 

LED array screen density. [17, 18] Figure 6 depicts the components of an upside-down 

DLP printer.  
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Figure 6: Diagram of digital light processing (DLP) 3-D printer components [1] 

This technology is also accurate and produces relatively fast prints because it can 

expose an entire 2-D layer image at the same time. After the object is created in the 3-D 

printer, it then must be alcohol-washed and post-cure exposed to UV light to reach its 

final state. Digital light processing and stereolithography have similar properties with 

respect to accuracy, strength, and biocompatibility. However, DLP technology is not as 

detailed as SLA printing with respect to edge resolution, which is the detail of the 

surface of the object, due to the basic unit of the voxel. Modern DLP printers can reach 

an X-Y axis resolution of 95 microns and a Z-axis resolution of 20 microns. [15] The 

strength and biocompatibility of printed objects can be high, depending on the material 

used. Table 1 shows the resolution comparison between three of the 3-D printer types. 

Table 1: Axis resolutions (microns) of various types of 3-D printing technologies 

Axis Fused Deposition 
Modeling (FDM) 

Digital Light 
Processing (DLP) 

Stereolithography 
(SLA) 

X-Y 400 95 25 
Z 20 20 25 

Printed object 
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Mask Stereolithography 

Mask stereolithography (MSLA) printers also fall under the category of vat 

photopolymerization printers. MSLA uses light to polymerize a resin material into a 3-D 

object layer-by-layer. An MSLA system uses a UV light source beneath a liquid crystal 

display (LCD). [19] The LCD panel acts as a mask to either allow the UV light to pass 

through a pixel or to block the light. The pixels of the LCD are in the “on” or “off” state to 

allow light to be emitted or not, thus determining what is exposed to all resin locations 

and what will eventually be photopolymerized in each layer.  The wavelength of light 

emitted must be within the range that activates the photoinitiator contained within the 

printing resin. The LCD panel pixel density determines the resolution of the printer. The 

benefits of MSLA are the parallel, vertical manner in which light from the UV array is 

passed through the LCD mask and the ability to polymerize entire layers at a time. 

Figure 7 depicts the parts of an MSLA printer while printing a 3-D object. 
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Figure 7: Mask stereolithography printer diagram showing the different parts of an MSLA 3-D printer. 

3-D Printing Materials 

The list of materials for 3-D object printing is continuously growing in the field of additive 

manufacturing. The current list of materials includes plastics, metals, ceramics, sands, 

chocolate, and wax. 3-D printing in dentistry often uses either thermoplastics or 

photopolymer plastics. 

Photopolymer resin components 

Photopolymers are liquid resins composed of monomer, oligomer (binder), polymer, and 

a photoinitiator.[20] The photoinitiator is a molecule that is reactive to specific 

wavelength ranges: either ultraviolet or visible light. The monomers are generally 

acrylate- or methacrylate- based. The monomer is the smallest unit of the resin. The 

oligomer or binder is made up of many monomers, but still monomeric itself in function. 

The polymer consists of a large number of monomers and oligomers joined covalently 

together through the polymerization process.[20] Plastics consist of long carbon chains. 
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Generally, the more solid the plastic, the longer and more cross-linked are the carbon 

chains. The more flexible the plastic, the shorter and less cross-linked are the carbon 

chains. 

Photoinitiator 

Photoinitiators are compounds that create free radicals when they are exposed to light. 

[21] Free radical photoinitiators can be divided into two types: Norrish Type I and 

Norrish Type II. As seen in Figure 8, Norrish Type I photoinitiators often contain benzoyl 

groups.  

 

Figure 8: Norrish Type I initiators often contain benzoyl groups. Once they absorb a light photon, the carbonyl group 
transforms into an excited state and then cleavage of the carbon bond creates two or more radical fragments. [20] 

Once the photoinitiator absorbs a photon, the carbonyl group transforms into an excited 

state and then cleavage of the carbon bond creates two radical fragments. As seen in 

Figure 9, Norrish Type II initiators absorb a photon of light and form excited molecules, 

which abstract an electron or hydrogen atom from a donor molecule.  
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Figure 9: Norrish Type II initiators absorb a photon of light and form excited molecules that then abstract an electron 
or hydrogen atom from a donor molecule. The donor molecule then contains a free radical and is responsible for the 

subsequent polymerization reaction. [21] 

Then, this donor molecule reacts with the monomer to propagate polymerization. The 

energy from light causes the photoinitiators to create reactive species (free radicals) 

that then propagate polymerization of the monomer.[21] Camphorquinone (CQ), a 

Norrish Type II photoinitiator that is commonly used in dental resins, is best activated by 

visible blue light (430nm-500nm), as seen in the absorption spectrum of this compound 

(Figure 10). 

 

 
 

Figure 10: Light absorption spectrum of camphorquinone, showing higher absorbance in the 425 to 495 nm range. 
[22] 

 

Bis-acylphosphine oxide (BAPO or Igracure 819), a Norrish Type I photoinitiator, is used 

in many surgical guide resins and the absorption spectrum is presented in Figure 11. 
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Figure 11: Light absorption spectrum of Igracure 819 from 350nm to 450nm wavelength. Igracure 819 is used in 
surgical guide resin. (Augusta University Research) 

 
Photopolymerization 

Photopolymerization is the process by which liquid resins are turned into 3-D objects in 

additive manufacturing. The final 3-D objects consist of plastic polymers that are long 

carbon chains. The liquid resin is composed of monomers and oligomers that are 

shorter carbon chains. The polymerization process covalently joins these shorter carbon 

chains as a result of photoinitiator activation and free radical formation. Once the 

photoinitiator is exposed to a certain wavelength of light, it produces free radicals. 

These radicals initiate the polymerization reaction, which causes monomers to combine 

into a longer carbon chain, in a chain reaction. The photoinitiator does this by producing 

free radicals that attack the double bond in monomers, which makes the monomer 

reactive and the chain reaction continues. The continued polymeric chain reaction may 

also cause crosslinking of the polymers, which is the covalent bonding between 
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separate growing chain segments, the results of which greatly increase the strength of 

the product. [20] Figure 12 depicts the process of photopolymerization and crosslinking. 

 

Figure 12: Diagram of photopolymerization. The liquid resin is being exposed to ultra-violet light which activates the 
photoinitiator to cause formation of free radicals, which subsequently react with monomer molecules to form a 

polymer network.  [23] 

Photobleaching of the photoinitiator occurs during light absorption and is characterized 

by a change in light transmittance through a sample during light curing. Because the 

photoinitiator absorbs light within a specific wavelength range, it decreases the amount 

of light within that wavelength range that is able to pass deeper into the object.  

However, if the photoinitiator absorbs and utilizes the photon, then the structure of that 

molecule is changed, and it no longer absorbs that wavelength of light. This 

phenomenon is termed “photobleaching.” Thus, when the photoinitiator is broken down 

via the light exposure, it no longer absorbs the wavelengths of light used to excite it, and 

light transmittance at that wavelength increases through the object. This aspect is very 

important to as-printed items going through post-curing UV light exposure. While in the 

partially cured state directly from the printer, there is still unreacted photoinitiator 

remaining within the object. By placing the object in a UV light source, light can 
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penetrate the outer surfaces of the object to result in further creation of free radicals, 

and thus new, growing polymer within the printed object. Because UV light is absorbed 

by the photoinitiator at the outer surfaces, when the photoinitiator bleaches, it allows 

more UV light to penetrate deeper in the object, allowing additional photopolymerization 

to occur even deeper. Because of the relatively low light levels of the UV post curing 

units, long exposure times are required to allow this photobleaching process to occur 

deeply within the object, leading to a more thorough polymerization of the printed form. 

In addition, this additional curing results in further dimensional shrinkage. Figure 13 

presents a graph showing how the same level of incident light strikes a surface, but the 

percent of transmitted light initially increases, due to the photobleaching effect.[24]  

 

 
Figure 13: Photobleaching effect on light transmission. The same incident light is emitted for 200 seconds and the 

transmitted light increases initially due to the photobleaching effect. [25] 

Figure 14 further illustrates the photobleaching effect and how light penetration 

increases through an object as time passes. The photoinitiator in the outer layer of the 
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object is expended, allowing light to pass through with increased transmittance into 

deeper layers of the object. 

 

Figure 14: As time elapses, the photobleaching effect allows light to penetrate deeper into the object as seen at T1, 
T2, and T3, activating photoinitiators beneath the top surface of the object, and resulting in initiation of further 

polymerization deep within a specimen during post-cure processing. 

Vinyl, Free Radical Methacrylate Polymerization 

The functional portion of a methacrylate monomer contains a high energy carbon 

double bond referred to as a “vinyl” group. [22] This double bond is the site of activity for 

bonding monomer groups together into a linear network and for crosslinking of 

polymers. The first step in this process, called activation, involves the creation of a free 

radical by the interaction of light within a specific wavelength range with a photoinitiator. 

Once the incident light is absorbed by the photoinitiator, it causes the creation of a free 

radical, which diffuses through the resin medium to find an electron dense area, such as 

a carbon=carbon double bond. Polymerization is “initiated” once this free radical finds a 

carbon double bond in the methacrylate monomer and causes the double bond to 
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cleave, forming a single bond, and then covalently bonds to one of the carbon atoms. 

The other carbon atom, previously held in the double bond, now becomes the free 

radical end and continues the next step in the process of polymerization called “chain 

propagation.” The growing free radical chains can cause propagation in a linear fashion, 

forming a longer polymer, or they can also cause cross-linking between two polymer 

chains. The number of methacrylate groups in a monomer can determine the extent to 

which cross-linking is possible. For example, monomers containing only a single 

methacrylate (mono-functional monomers) can only form linear polymers. The last step 

in the polymerization process is called “termination,” which can occur in a number of 

ways. For example, two free radicals from two polymer chains collide to form a covalent 

bond between them. At that point, no further addition to the polymer chain is possible. 

The reaction can also cease when the amount of available monomer is so low that the 

free radicals can no longer find a site to create another bond. [22]  

Photopolymer Resin Solubility 

 Methacrylate monomers remaining on the surfaces of an as-printed form require 

removal, which is best done with an organic solvent. A common solvent principle is “like 

dissolves like” [26]. Methacrylates have a non-polar hydrocarbon backbone which 

makes up most of the molecule and a polar ester group. The primarily non-polar nature 

of methacrylates indicates that a non-polar solvent, such as toluene, might be best to 

dissolve the uncured resin film [27]. However, isopropyl alcohol >90% (IPA) is primarily 

used as the solvent. This compound is a polar solvent, and is used because it is a 

weaker solvent of methacrylate polymers, but will still dissolve superficial, 

unpolymerized methacrylate monomer. This aspect is advantageous because the 3-D 
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printed polymerized methacrylate form will not be greatly affected, but the excess 

unpolymerized methacrylate will be dissolved and removed. In addition, IPA is readily 

available, inexpensive, and of low toxicity. 

Food and Drug Administration Classification 

The United States Food and Drug Administration (FDA) regulates medical devices to 

ensure the public safety. The FDA generally does not regulate materials themselves, 

but rather the final device. [28] There are three classes (Class I, II, and III) of FDA 

medical devices arranged from least risk to most risk. The FDA can “clear” devices in 

the Class I or II category and can “approve” devices in the Class III category. Currently, 

3-D printed materials are classified as either a Class I or a Class II medical device. 

Class I medical devices are defined as having little risk of harming the user and are 

often simple devices such as toothbrushes. Class I devices are exempt from the 510(k) 

clearance process. However, the manufacturer of Class I devices must operate with 

“Good Manufacturing Processes,” register with the FDA, and have safety data on their 

device to include biocompatibility and mechanical testing results. Class II medical 

devices are defined as having a potential moderate-to-high risk to the user and are not 

exempt. Class II devices must go through the 510(k) clearance process, which involves 

notifying the FDA of the plan to market a device and providing evidence that the 

proposed device is equivalent to an existing, already cleared device for treating the 

same condition. [29] Resins used for making surgical guides, orthodontic aligners, 

custom trays, and night guards are considered as Class I medical devices and are 

exempt. Resins used to fabricate temporary restorations and denture bases are 

considered Class II medical devices, because of their longer duration in the oral cavity. 
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[28] The longer duration in the oral cavity, the greater is the chance for unreacted 

monomer to leach from the device. 

Additive Manufacturing Resins in Dentistry 

The use of 3-D printing in dentistry is growing rapidly and there are already many types 

of resins used to produce different dental devices. Products currently in use include 

clear aligner resins, dental model resins, temporary crown resins, denture base resins, 

surgical guide resins, custom impression tray resins, and night guard resins. The 

proprietary formulas of these resins are kept guarded by the individual companies, but 

they all contain some variant of monomer, binder, and photoinitiator.[20] Some of the 

most common resins in dentistry are acrylates and methacrylates. As the name implies, 

a methacrylate is the addition of a methyl group to the acrylate molecule. This addition 

alters the structural and biocompatibility properties. Methacrylates are able to form 

harder plastics or acrylics than acrylates. In addition, methacrylates have been shown to 

be more biocompatible than acrylates [30]. One of the biggest concerns with 3-D 

printing is the use of acrylate-base monomers. Although the polymers developed from 

these types of resins offer inferior strength value compared to methacrylate-based 

equivalents, the monomer is considered quite toxic, and highly damaging to aquatic life, 

if it reaches fish laden waters [31]. 

3-D Printer Post-Processing 

One of the most important, but least-regulated steps of 3-D printing is post-processing. 

This fabrication stage encompasses an alcohol wash and an additional light exposure of 

the printed object in order to enhance the printed form’s physical and biological 
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properties. There are many variables in the post-processing regimen: duration and 

number of alcohol washes, wavelength of UV light, duration of light exposure, 

temperature of the specimens during processing, sterilization/disinfection protocol, and 

thickness of the object. Knowledge of 3-D printing in dentistry is growing quickly; 

however, there are currently no studies investigating the effects of these variables on 

the post processing properties of the final printed object. 

The Post-Processing Step (Linked to Specific Aim #1) 

Once an object is removed from the 3-D printer, it remains coated with unreacted resin 

on its surface. The first step in post-processing is to remove the excess, unreacted resin 

using an isopropyl alcohol (IPA) wash. This step is completed in an agitated IPA 

solution such as an ultrasonic bath. The process can also be completed in 2 

consecutive, static IPA baths. After the liquid, unpolymerized resin is removed from the 

printed form surface, the 3-D printed object is considered to be in its “green state.” In 

this state, the object is not polymerized to its full potential and unreacted monomer and 

unreacted photoinitiator remain deep within the object.[10] The “green state” also has 

less favorable mechanical properties, dimensional accuracy, and its leachable content 

is cytotoxic. The cytotoxicity is mainly due to the presence of unreacted monomer and 

photoinitiator remaining within the form, which may leach out and has been shown to 

have deleterious effects on living cells.[32] The 3-D printed object is changed from its 

“green state” to its final state through additional light exposure. 3-D printers generally 

print objects in the “green state” because it is advantageous in creating a uniform object 

that exhibits isotropic properties. [33] An object with isotropic properties has the same 

properties regardless of the direction that a force is applied from. In order to achieve 
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isotropic properties, a 3-D printer must be able to join the printed layers into a uniform 

object. The way a 3-D printer does this is by only partially curing the layers during the 

printing process, which allows the successive layers to then covalently bond to the 

previous layer forming a uniform object. This is the reason that 3-D printers generally 

print objects in the “green state,” which requires a post-cure to finalize the object’s 

polymerization process and optimize its functional properties. 

Variables in Post-curing Exposure (Linked to Specific Aim #4) 

Proper post-curing methods depend on several variables: wavelength of light, duration 

of light and temperature exposure, object thickness, and specimen temperature. The 

wavelength of light should be based on the optimal frequency needed to activate the 

specific photoinitiator in the resin. Figure 15 depicts ultraviolet wavelengths ranging 

from the shortest wavelength (UVC) to the longer wavelength (UVV) and how deep 

those wavelengths penetrate a material.  

 

Figure 15: Depth of penetration of different UV wavelengths [34] 
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The shorter the wavelength of light the less light penetration. This is due to the fact that 

the amount of light scatter is inversely proportional to the wavelength raised to the 4th 

power, which decreases the light penetration, due to light scattering. The conversion of 

the 3-D printed object to its final cured state is directly proportional to the duration of 

light exposure. The longer the exposure time, the less unreacted monomer remains. 

However, there is a point at which the remaining monomer has reached its minimum. 

This stage is the plateau at which no additional benefit is gained from additional 

exposure time. The thickness of the object significantly affects the curing regimen. 

Thus, more exposure time is required to provide optimal polymerization of an object of 

greater thickness. In addition, elevated temperature plays a significant role in the ability 

to enhance the extent of polymerization during post-curing. When being polymerized, 

there is a modest temperature increase just due to the exothermic curing reaction. 

However, many manufacturers also provide pre-heating of the UV light chamber, prior 

to activation of the curing light. This elevated temperature helps to increase molecular 

movement, and thus, enhances the ease with which unused monomer is available to 

react with the growing polymer chains. [35] 

Sterilization/Disinfection of 3-D Printed Objects 

3-D printed objects used in healthcare setting often require a sterilization or disinfection 

step prior to use. [36] Isopropyl alcohol in 70-90% concentration is a common 

disinfectant and is considered an intermediate disinfectant when used with an exposure 

time of over 1 minute. Disinfection can be performed at room temperature. However, 

certain instances require the sterilization of 3-D printed specimens. Only specific 3-D 

printed materials are designed to be heat tolerant and thus withstand heat sterilization. 
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Commonly used sterilization methods in dentistry include steam heat sterilization and 

hydrogen peroxide gas plasma treatment. Steam heat sterilization is widely utilized and 

relatively inexpensive, but it must be performed at higher temperatures such as 132 

degrees Celsius. Hydrogen peroxide gas plasma treatment is a common low 

temperature sterilization method, and is advantageous because it only needs to reach 

temperatures near 50 degrees Celsius. [36] 

3-D Printing Waste Products 

The 3-D printing production aspect that receives little attention is dealing with 

processing waste. Disposal of unpolymerized liquid resin, or the isopropyl alcohol 

solvent containing dissolved resin, must be performed in accordance with proper 

disposal protocols. Monomers used in 3-D printing are toxic to aquatic and human life 

and should not be disposed of in a landfill or in drain water. This waste product must be 

disposed of in cooperation with an approved chemical waste disposal agency. [37] 

3D Printer Uses in Dentistry 

The field of dentistry is utilizing 3D printing in many sectors. 3D printers are used to print 

inexpensive orthodontic aligners compared to much more expensive clear aligners 

obtained from large corporations. Oral surgery makes use of 3D printers for making 

anatomical models based on patient CT scans to analyze and plan surgeries. Printed 

models are also used to shape titanium bars to the patient’s anatomy prior to surgery. 

Dentists use 3D printers to fabricate temporary crowns, night guards, retainers, and 

dentures, in addition to fabrication of surgical guides for implant placement. [5] 
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The economics of in-office surgical guides are rapidly improving. Laboratory made 

surgical guides cost between $275 and $700 USD, compared to $20-$70 USD for a 

printed in-office surgical guide. Thus, the initial cost of $7,000 USD or less for an in-

office 3-D printer can easily pay for itself in a busy practice. [38] 

Guided Surgery Using 3-D Printed Surgical Guides 

The origins of surgical guides for implant placement started with radiographic templates 

created using vacuform matrices.[39] Contemporary surgical guides rely entirely on 

three-dimensional radiography derived using cone beam computerized tomography 

(CBCT), which became available in 1988.[40] CBCT made it possible to use computer 

aided design (CAD) for implant planning, but surgical guides were still analog in nature. 

True guided surgery using implant surgical guides became possible when CBCT data 

and CAD were “married” with computer aided manufacturing (CAM) in the form of 3-D 

printing. [41] 

Implant Placement Methods 

Dental implants are surgically placed using a number of methods, including: freehand, 

static surgical guide, and dynamic surgical guide. The freehand method of implant 

placement does not involve any guide, except for the hands and eyes of the surgeon. 

Static surgical guides are produced using 3-D printers and provide a template for the 

surgeon to place the sequence of implant drills and ultimately the implant. Dynamic 

guides for placing implants involve the surgeon observing a screen to place the implant 

while a machine dynamically tracks the spatial locations of the dentist’s handpiece and 

the implant drills. [42] The accuracy of implant placement methods has been evaluated 
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and shows that dynamic and static guided surgery are similarly accurate and both 

methods are more accurate than freehand implant placement. [43] 

The Planning Process for Surgical Guides 

Implant surgical guides are the end product of numerous steps of information gathering 

and planning. The patient must first be evaluated for implant placement and have 

impressions taken. Either the impression is digital, or an analog impression is scanned 

into a computer. A cone beam computed tomography (CBCT) radiograph of the patient 

is then taken. The digital impression file is then merged with the CBCT digital file. Figure 

16 illustrates a 3-D rendering of a digital impression that has been merged with a CBCT 

file including the location of the inferior alveolar nerve canal in the mandible.  

 

Figure 16: Computer aided design (CAD) software for designing surgical guides. 15-A 3-D rendering of a digital 
impression overlaying a CBCT scan; 15-B horizontal section of the CBCT image; 15-C panoramic view of the CBCT 
with nerves identified and digitally placed implants; 15-D/15-E cross sections of the mandible at the implant location 

[44] 
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The dentist uses this 3-D rendering to plan the location of a dental implant to avoid 

iatrogenic damage to the alveolar nerve or to avoid placing an implant into an open 

tissue space. The computer aided design software then generates a surgical guide 

stereolithography (STL) file that is sent to the 3-D printer and subsequently made into 

the physical surgical guide. 

Ideal Characteristics of a Surgical Guide 

The ideal surgical guide should accurately represent the computer planned implant 

placement in all spatial directions: bucco-lingually, mesio-distally, and apico-coronally. 

The guide should be strong, biocompatible, clear, cost-effective to fabricate, intraorally 

stable, allow easy implant drill access, and translate the planned prosthetic information 

to the surgical site for implant placement.[45]  

Surgical Guide Fabrication Methods 

Analog surgical guides can be fabricated using vacuforming, or through additive or 

subtractive manufacturing to create digitally formed structures. True guided surgery is 

only performed using the digital CAD/CAM process. Subtractive manufacturing is 

seldom used to fabricate surgical guides, leaving primarily the additive manufacturing 

process to fabricate these items.  The main additive manufacturing methods are fused 

deposition modelling (FDM), stereolithography (SLA), and digital light processing (DLP). 

FDM printing is the least expensive, but also the least accurate. SLA and DLP are 

comparable in terms of resolution, but DLP is generally a faster print. [46] 
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Surgical Guide use 

Surgical guides are fabricated to create precisely oriented guide holes for implant drills 

to go through. These guide holes direct the osteotomy and implant placement precisely 

where the implant is planned to be placed on the computer design. Surgical guides 

should be supported by intraoral structures in order to provide a stable reference point. 

These devices can rest on bone, in which case the tissue is flapped. The guide can also 

be mucosa-supported; in this case it rests on intraoral tissues. The device can also be 

tooth-supported, where it rests upon the patients existing teeth.[41] Once the guide is 

seated intraorally, the drill sequence is completed through the guided sleeve to create 

an osteotomy, and then the implant is placed. Figure 17-1 to Figure 17-3 illustrates a 3-

D printed dental model with a surgical guide placed onto it.  

 

Figure 17: Surgical guide images on a model and intraorally. 17-1 to 17-4 show a 3-D printed model and surgical 
guide with an implant analog placed; 17-5 to 17-8 depict the surgical procedure for implant placement; 17-9 to 17-12 

portray a temporary crown being placed onto the implant. [38] 



Master’s Thesis          William Baldock                                                       Page 39 / 110 

Figure 17-4 shows a laboratory implant replica placed on the model to demonstrate 

where the planned implant will be. Figure 17-5 to Figure 17-7 depict the patient’s 

dentition, on which the surgical guide is placed, and the osteotomy is drilled through the 

surgical guide. Figure 17-8 shows the implant being placed into the osteotomy. Figure 

17-9 to Figure 17-12 portray the temporary crown and abutment being placed onto the 

implant. 

Advantages of Guided Implant Placement 

Guided implant placement is purported to have numerous advantages over the 

freehand implant placement technique. The potential advantages include a more 

precise placement of implants, preservation of anatomic structures, prosthetically driven 

implant placement, shorter surgical treatment times, and the potential for flapless 

surgery.[38, 41] 

Coronavirus 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the full name for 

Coronavirus. One may wonder how Coronavirus and dentistry intersect and the answer 

is 3-D printing. The same material used to 3-D print FDA class 1 dental surgical guides 

can also be used to produce FDA class 1 nasopharyngeal swabs used in coronavirus 

testing. Coronavirus disease (COVID-19) is the result of infection with severe acute 

respiratory syndrome coronavirus 2. This virus is known as an enveloped, single 

stranded RNA virus. The median incubation period from exposure to the virus to onset 

of symptoms is 4-5 days. [47] 
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Coronavirus Disease Transmission 

Coronavirus disease is thought to be primarily spread through respiratory droplets. 

Coughing and sneezing are common methods to spread respiratory droplets. Droplets 

generally fall within a few meters and thus the chances of disease spread are 

decreased if humans remain at least 2 meters apart. [47] Disease transmission via 

aerosols is not the main method of transmission, but can be a contributing factor. 

Aerosol transmission is even more of a risk in a dental office because dental equipment 

commonly creates aerosols during dental treatments. The virus can remain activate 

while aerosolized for up to 3 hours. [48] Another common method of transmission is 

contaminated surfaces. The virus has been shown to be able to remain active on certain 

surfaces for several days. Hand washing and surface disinfection are important 

methods of reducing transmission via contaminated surfaces. One surface disinfection 

method uses 70% isopropyl alcohol, which has been shown to have a greater than 3.3 

log reduction of viral infectivity with a 30 second exposure time. [49] 

Coronavirus Disease Testing 

Preventing disease transmission is a critical part of containing COVID-19. Another 

important part to reducing disease transmission is testing individuals to determine who 

has this virus. COVID-19 testing can be done using several different methods. The 

Centers for Disease Control and Prevention recommends collecting an upper 

respiratory specimen for COVID-19 testing. The acceptable specimens are as follows: 

nasopharyngeal specimen, oropharyngeal specimen, nasal mid-turbinate specimen, 

anterior nares specimen, or a nasopharyngeal wash specimen. [50] It is believed that 

viral levels are high in the nasopharynx, which is targeted by the nasopharyngeal 
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swabs. [47] Many labs are capable of processing nasopharyngeal swab tests, which led 

to the nasopharyngeal swab being the most common testing method during the initial 

stages of the COVID-19 pandemic. Figure 18 depicts the usage of a nasopharyngeal 

swab for virus testing.  

 

Figure 18: A nasopharyngeal swab is inserted into the nasopharynx during the collection of a COVID-19 test 
specimen. 

During the initial stages of the current pandemic there was a shortage of 

nasopharyngeal swabs. This shortage created a golden opportunity to repurpose 3-D 

printers to create nasopharyngeal swabs out of biocompatible material. Dental surgical 

guide resin is a biocompatible FDA class 1 material that is designed for use in contact 

with human mucosa. Depending on the manufacturer, it is also one of the few 3-D 

printing resins that can withstand heat sterilization. This situation led to a unique 

melding between the worlds of dentistry and the current COVID-19 pandemic. Any 

dentist or dental lab equipped to 3-D print surgical guides (using FDA-acceptable 

materials and methods) was able to use their 3-D printers to create a biocompatible 
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nasopharyngeal swab that could be used to fill the void of commercially available 

swabs. 

Summary of Current Knowledge, Deficiencies, and Significance of 
New Knowledge 

Increasing the degree of curing of the post-cure processed surgical guide or 

nasopharyngeal swab has the potential to cause embrittlement. A brittle item fractures 

with much less deformation than does one that is more flexible. In surgical guides, the 

stresses resulting from insertion of a metal guide sleeve into a receiver hole in the guide 

may cause sufficient stress to fracture the guide if the material has been overly 

polymerized. In nasopharyngeal swabs, the transit of the swab from the entrance of the 

nostril to the deep recess of the nasopharynx may cause excessive flexure of the probe, 

resulting in its premature fracture. Such a fracture, if occurring deeply, may be serious, 

because it would leave the head of the swab in a location that is very difficult to retrieve.  

Thus, there is a potential for causing embrittlement in both surgical guides and 

nasopharyngeal swabs caused by subjecting them to different sterilization or 

disinfection treatments. To date, knowledge of how sterilization or disinfection affects 

these 3-D printed objects does not exist. 

If clinicians were made aware of scientific data that addresses this potential, they could 

select a method of sterilization or disinfection that would enable the guide or swab to be 

used with the least potential for failure. Such knowledge would greatly benefit both 

clinicians and patients. 
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PURPOSE 

The purpose of this study was to analyze the effects of varying the properties of the 

post-printing alcohol wash, the post-printing age, the specimen disinfection or 

sterilization, and selected properties of 3-D printed surgical guide and nasopharyngeal 

swab material. The depth of alcohol penetration was measured by penetration of a 

fluorescent-laden, unfilled dental adhesive applied to specimens that had undergone 

different types of alcohol washing. The time after specimen post-curing that indicated 

that specimen strength had reached a stable value was determined, so that the 

influence of specimen age was not a contributing factor for the subsequent testing that 

was performed. The effects of post-curing disinfection using either 70% or 99% IPA and 

specimen sterilization via exposure to hydrogen peroxide vapors or autoclave heat 

treatment (4 or 6 minutes duration) was assessed by measuring the flexural strength, 

maximum deflection to break, and elastic moduli of thin, disk-like specimens. 

SPECIFIC AIMS 

Specific Aim #1: Alcohol Penetration Depth (Linked to ROL The Post-Processing 

Step (Linked to Specific Aim #1) 

The first specific aim was to test the hypothesis that during the alcohol wash, 99.5% 

isopropyl alcohol (IPA) would not penetrate greater than 0.1mm into the material block. 

Because the purpose of the IPA wash is to remove only uncured monomer from the 

surface of the specimen, it remained unknown if exposure to IPA via a static or 

ultrasonic wash also removed monomer from the sub surface of freshly printed objects. 

If true, the depth of monomer loss from the surface of a specimen could greatly affect 

the final physical properties of specimens after the post-curing treatment. 
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Specific Aim #2: Aging 

The second specific aim was to test the hypothesis that the flexural strength of freshly 

printed and post-cured 3-D printed specimens will change as they age, until a point at 

which the strength reaches a plateau. It was important to examine this aspect for 

subsequent testing of the influences of disinfection and sterilization methods imposed 

on freshly post-cured specimens. By eliminating the variation of specimen strength as 

related to aging as an influential factor on subsequent testing, a clearer understanding 

of the effects of disinfection and sterilization protocols on the 3-D printed disks would be 

revealed. 

Specific Aim #3: Sterilization/Disinfection Testing (Linked to ROL 

Sterilization/Disinfection of 3-D Printed Objects) 

The third specific aim was to test the hypothesis that steam sterilization of 3-D printed 

specimens will result in a significant increase in the strength and elastic modulus and a 

significant decrease in the maximum deflection of the specimens, as compared to 

hydrogen peroxide gas plasma sterilization, isopropyl alcohol disinfection, and the 

untreated control. In addition, it was further speculated that an increase in steam 

sterilization duration (from 4 to 6 minutes) would result in significant further increase in 

strength and elastic moduli, while also significantly decreasing maximum deflection 

before failure: the specimens would become even more brittle. 

Specific Aim #4: Post-curing oven analysis (Linked to ROL Variables in Post-curing 

Exposure (Linked to Specific Aim #4)) 

The fourth specific aim was to test the hypothesis that the post-curing oven used to 

complete the polymerization of the freshly printed, alcohol-washed specimens, will 
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provide homogenous wavelength and irradiance throughout the 360 degrees of the 

horizontal plane within the post-curing unit, and that the temperature and time profiles of 

specimens post-cure treated in this unit will match values provided by the manufacturer. 

Materials and Methods 

Experimental Overview 

This study was designed to test various aspects of the post-processing and aging of 3-D 

printed resin specifically designed for use as surgical guides, but also recommended for 

use as nasopharyngeal swabs in Covid-19 testing. A 3-D printer (Moonray S100 digital 

light processing 3-D printer, Sprintray, Los Angeles, CA) and surgical guide resin 

(Surgical Guide Resin 2, Sprintray) were used to fabricate blocks for examining the 

effects of surface monomer loss with alcohol washing. A different 3-D printer (Form 3 

stereolithography printer, Formlabs, Somerville, MA),  surgical guide resin (Surgical 

Guide Resin, Formlabs), an automated post-printing alcohol washing station (Form 

Wash, Formlabs), and a UV-post-curing oven (Form Cure, Formlabs) were used to 

fabricate resin disks for aging testing, as well as examining the influence of disinfection 

and sterilization on physical properties. The experimental variables involved the method 

of alcohol exposure, the age of the specimen, and the post-cure disinfection or 

sterilization. The data was analyzed to evaluate the depth of penetration of the alcohol 

and the physical property changes resulting from aging and disinfection/sterilization. In 

addition, the Form Cure post-curing oven was analyzed for wavelength and irradiance 

homogeneity, and for specimen time and temperature profiles. 

The experimental flowchart is seen in the following graphic (Figure 19). 
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Flowchart of Experimental Methodology 

 

Figure 19: Overall experimental flowchart 

Alcohol Penetration Depth 

Restatement of the Specific Aim and related hypothesis 

The first specific aim was to test the hypothesis that during the alcohol wash, 99.5% 

isopropyl alcohol (IPA) would not penetrate greater than 0.1mm into the material block. 

Because the purpose of the IPA wash is to remove only uncured monomer from the 

surface of the specimen, it remained unknown if exposure to IPA via a static or 

ultrasonic wash also removed monomer from the sub-surface of freshly printed objects. 

If true, the depth of monomer loss from the surface of a specimen could greatly affect 

the final physical properties of specimens after the post-curing treatment. 

Detailed Methodology 

Fluorescent Microscopy 

A three-dimensional block (15x5.75x1mm) was designed using computer aided design 

(CAD) software (Tinkercad, web based software, version 4.10, Autodesk, San Rafael, 

Ca). The block was then printed utilizing a DLP 3-D printer (Moonray S100, Sprintray, 

Los Angeles, CA) and surgical guide resin material (Surgical Guide 2, Sprintray). The 

3D Printed Specimens

Alcohol Penetration  
Testing Aging Testing Sterilization/Disinfection 

Testing Post-cure Unit Analysis
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block was removed from the printer and washed using a 99.5% isopropyl alcohol 

ultrasonic bath for 10 minutes. The blocks were not post-cured. The blocks were 

removed from the print base and unfilled dental bonding resin (Bisco One-Step 

Universal Dental Adhesive, Ref U-1102, Bisco Inc, Shaumberg, IL) was mixed with 

fluorescein (46960, MilliporeSigma, Burlignton, Ma) as a fluorescing agent to a 

concentration of 0.25mg fluorescein to 1 ml bonding resin. The blocks were coated with 

a thin layer of fluorescent-labeled, unfilled bonding resin, as seen in Figure 20, and 

exposed to an ultraviolet curing light.  

 

Figure 20: Disposable brush applicators were used to apply a thin layer of dental bonding resin to the surface of 3-D 
printed blocks. 

The blocks were analyzed for resin/dye penetration using fluorescent microscopy (Axio 

Imager M2, Zeiss, Oberkochen, Germany).The block was sectioned and polished with a 

fine grit sanding disk and the cross section was fixed to a glass microscope slide. Figure 

21 is a digital representation of the block used for fluorescent microscopy. In Figure 21 

the notches in the block design are present to distinguish the fluorescent-labeled 

surface from the unlabeled surface. 
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Figure 21: Fluorescent microscopy block digital design (15x5.75x1mm) 

Next a fluorescent microscope was used to image specimens with a 63X objective 

(Plan-Apochromat 63x/1.4 Oil DIC M27). The images were used to analyze depth of 

penetration of the fluorescent-labeled resin beneath the top surface of the 3-D printed 

specimen. The groups for fluorescent microscopy include: control block (ultrasonic 

wash- but with no bonding resin applied), test block 1 (ultrasonic wash - with 

fluorescent-labeled bonding resin applied), test block 2 (no alcohol washing – with 

fluorescent-labeled bonding resin applied). Figure 22 depicts a glass slide with the 

control block cross-section. Figure 23 shows the fluorescent microscope used for 

imaging. 

 

Figure 22: Microscope slide with fixed cross-section of the control block (ultrasonic wash- but with no bonding resin 
applied). 
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Figure 23: Fluorescent microscope used for imaging 

Confocal Microscopy 

Figure 24 shows the digital design of the confocal microscopy blocks (Tinkercad, 

Autodesk). 

  

Figure 24: Confocal microscopy digital design (11.75X10X0.3mm) 

The confocal microscopy blocks were printed utilizing a DLP 3-D printer (Moonray 

S100, Sprintray) and surgical guide resin (Surgical Guide 2, Sprintray). The blocks were 

removed from the printer and washed using a 99.5% isopropyl alcohol ultrasonic bath 

for 10 minutes or a set of 2, sequential, static 99.5% isopropyl baths for 5 minutes each. 
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The blocks were not post-cured. The blocks were removed from the print case and 

coated, as described previously, with a fluorescent-labeled, unfilled bonding resin. The 

confocal microscopy blocks were kept whole. Figure 25 shows the 3-D printed blocks 

during imaging with the confocal microscope (LSM 780, Zeiss).  

 

Figure 25: Confocal imaging of a fluorescein-labeled 3-D printed block. 

Z-stack images were taken at 1-micron intervals using a 20x objective (Plan-

Apochromat 20x/0.8 M27) and analyzed for depth of penetration. A flow chart of the 

experimental method is seen in the following figure (Figure 26). 
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Figure 26: Flowchart of experimental methods for microscopy testing. 

Data Description – Fluorescent Microscopy 

Independent Variables 

The independent variables are alcohol bath and bonding resin coating. Alcohol bath is a 

categorical variable with levels of “alcohol bath completed” or “no alcohol bath.” Bonding 

resin coating is a categorical variable with levels “bonding resin coating present” or 

“bonding resin coating absent.” 

Dependent Variable 

The dependent variable, depth of penetration, is a continuous variable that is measured 

in microns, as determined by scale measurements on fluorescent images. 
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Data Analysis 

Statistical analysis was not performed on collected images due to the qualitative 

aspects of microscopy data. 

Data Description – Confocal Microscopy 

Independent Variables 

The independent variables are type of alcohol bath and bonding resin coating. Type of 

alcohol bath is a categorical variable with levels “ultrasonic bath” or “sequential static 

bath.” Bonding resin coating is a categorical variable with levels “bonding resin present 

with fluorescent label,” “bonding resin present with no fluorescent label,” and “bonding 

resin absent.” 

Dependent Variable 

The dependent variable, depth of penetration, is a continuous variable that is measured 

in microns, as determined from the Z-stack data. 

Data Analysis 

Statistical analysis was not performed on collected images due to the qualitative 

aspects of microscopy data. 

Aging Testing 

Restatement of the Specific Aim and related hypothesis 

The second specific aim was to test the hypothesis that the flexural strength of freshly 

printed and post-cured 3-D printed specimens will change as they age, until a point at 

which the strength reaches a plateau. It was important to examine this aspect for 
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subsequent testing of the influences of disinfection and sterilization methods imposed 

on freshly post-cured specimens. By eliminating the variation of specimen strength as 

related to aging as an influential factor on subsequent testing, a clearer understanding 

of the effects of disinfection and sterilization protocols on the 3-D printed disks would be 

revealed. 

Detailed Methodology 

A three-dimensional disk was designed using CAD software (Tinkercad, Autodesk) and 

is depicted in Figure 27. For the biaxial testing setup, the disk dimensions were 6.5 mm 

in diameter, and 0.5mm thick. A small attachment was made so that the disks were 

printed vertically, and did not require supplemental supports. 

 

Figure 27: Disk design used for aging and sterilization/disinfection studies. 

The disks were printed in “rafts” containing 18 individual specimens, spaced out to allow 

maximal exposure to subsequent post-curing light exposure, with minimal shadowing. 

All disks were printed in the same stereolithography 3-D printer (Form 3, Formlabs, 

Somerville, MA) using the same lot number of surgical guide resin (Surgical Guide 

Resin, Formlabs). The printing settings were the standard settings on the 3-D printer for 
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use with surgical guide resin. The disks were removed from the printer and washed in 

an automated wash unit (Form Wash, Formlabs) with 99.5% isopropyl alcohol (IPA, 

A416-20, Fischer Scientific, Waltham, MA) for 20 minutes. The disks were removed 

from the alcohol-washing device and allowed to air-dry for 30 minutes. After drying, the 

disks were subjected to additional UV-polymerization in a post-curing unit (Form Cure, 

Formlabs) using the manufacturers recommended settings of pre-heating to 70 deg. C, 

and a subsequent UV-light exposure for 30 minutes. Figure 28 shows a raft of 18 disks 

after post-curing.  

 

Figure 28: Raft of 18 disks after post-curing. 

The disks were aged for a varying number of days. All disks were stored in a dark 

environment at room temperature. The disks were stored in the dark to minimize 

additional ambient light exposure of the specimens during the aging process. The 

dimensions of each disk (thickness and diameter) were recorded to a precision of 

0.01mm using a digital micrometer (Digital Micrometer 331-711, Mitutoyo,Sakado, 
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Japan). Biaxial flexure testing was chosen to analyze the specimens in the aging testing 

and the sterilization/disinfection testing portions of this study. There are numerous 

restrictions imposed by this test to be able to gather true material properties. The test 

was designed to be used with brittle materials that do not have a deflection value 

greater than half of its thickness. Due to the relatively large deflection of the 3-D printed 

surgical guide material, the true material properties will not be reflected in the results 

and a true biaxial test cannot be performed. However, the results from biaxial testing will 

allow accurate comparison between the different experimental groups within this study. 

A single disk was placed horizontally, resting on a circular rim in the confines of a 

custom-built, biaxial flexure device, affixed to the platen of a universal testing machine 

(Model 5544, Instron Corporation, Norwood, MA).  A diagram of the testing device is 

seen in Figure 29 and Figure 30. The graphic shows a side-view of a disk specimen 

resting upon the circular rim of the universal testing machine. Load is being applied to 

the center of the specimen with a self-leveling load applicator that is held in by grease. 

The self-leveling load applicator insures that the force is always applied evenly on the 

top specimen surface.  
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Figure 29: Diagram depicting a load being applied to a disk specimen using a universal testing machine (Model 5544, 
Instron Corporation) 

 

Figure 30: 3-D representation of the testing machine. 

The head of the universal testing machine was lowered at a rate of 15mm per minute 

initially and once 1 newton of force was reached it slowed to a rate of .5mm per minute. 

Throughout testing, the displacement of the specimen and the observed load were 
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recorded at a rate of 10 data points per second. The recorded data were entered into a 

custom-made excel spreadsheet (Microsoft Excel2016, Microsoft Corporation, 

Redmond, WA), where the maximum stress at breakage (in MPa) was determined. 

Fifteen such runs were made, using the 3 additional specimens as spares, if one or 

more specimens were lost. In this manner, sample groups of disks that were aged for 0, 

1, 3, 5, 8, 10, 12, and 16 days following post-curing were obtained. Figure 31 shows a 

disk in the biaxial testing jig. Figure 32 depicts the flowchart for the aging testing. 

 

Figure 31: Disk strength being assesses on the biaxial flexure jig on the universal testing machine. 

 
The following figure presents a flow chart of the experimental plan 
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Figure 32: Flowchart of experimental methodology for Aging Testing. 

Data Description 

Independent Variable 

The independent variable is age of the specimen, in days since post-curing. Aging is an 

ordinal variable with the values of 0, 1, 3, 5, 8, 10, 12, and 16 days. 

Dependent Variables 

The dependent variable is maximal flexural stress. This parameter is a continuous 

variable reported in units of megapascals (MPa). 

Data Analysis 

The initial data consisted of 15 specimens per experimental group and were analyzed 

for outliers, which were defined to be greater than 2 standard deviations from the mean. 

Outliers were removed, and the mean values were plotted in a line graph. In addition, 1-
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way ANOVA (SigmaPlot for Windows, v 11.0, Systat Software, Chicago, IL) was used to 

examine the effect of specimen age on maximal flexural stress. Post-hoc analysis used 

the Tukey-Kramer test for pair-wise means analysis. All statistical testing was performed 

using a preset alpha of 0.05. 

Influence of Sterilization and Disinfection Treatments 

Restatement of the Specific Aim and related hypothesis 

The third specific aim was to test the hypothesis that steam sterilization of 3-D printed 

specimens will result in a significant increase in the strength and elastic modulus and a 

significant decrease in the maximum deflection of the specimens, as compared to 

hydrogen peroxide gas plasma sterilization, isopropyl alcohol disinfection, and the 

untreated control. In addition, it was further speculated that an increase in steam 

sterilization duration (from 4 to 6 minutes) would result in significant further increase in 

strength and elastic moduli, while also significantly decreasing maximum strength 

before failure: the specimens would become even more brittle. 

Detailed Methodology 

A 6.5-mm in diameter, and 0.5 mm thick, three-dimensional, disk-shaped virtual image 

was designed using CAD software as shown in Figure 27. A total of 18 such disks were 

then virtually placed on a horizontally oriented platform, and were individually spaced so 

that minimal shadowing would occur during subsequent exposure to the UV  light in the 

post-curing oven. The assembly of these disks on the horizontal platform was referred 

to as a “raft” of disks. Sufficient rafts were designed and positioned on the build plate so 

that 18 specimens for each of the different methods of sterilization, disinfection, as well 
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as an untreated control, would all be fabricated at the same time (7 rafts). An STL file of 

the specimen layout was generated and sent to a 3-D printer (Form 3, Formlabs) using 

their surgical guide resin (Surgical Guide Resin, FormLabs). Figure 33 depicts the rafts 

of disks in the software (Formware, FormLabs) used to send the digital design to the 3-

D printer. 

 

Figure 33: Formlabs software design for research disks including 7 rafts of 18 disks. 

The disks were removed from the printer and washed in 99.5% isopropyl alcohol in the 

designated, automated washing device (Form Wash, Formlabs) for the manufacturer’s 

recommended time (20 min). The disks were removed from the washing device and 

allowed to air-dry at room temperature, under ambient lighting conditions for 30 

minutes. After drying, the disks were subjected to the manufacturer’s recommended 

UV-post-curing unit (Form Cure). The recommended cycle for post-curing this specific 

resin was used: pre-heating to 70 deg C, then 30 minutes of UV exposure. All rafts were 
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equally spaced out on the rotating platform, assuring homogeneous exposure to all 

internal lighting conditions during the post-curing process.  Two hours following post-

curing, the disks were then subjected to the different sterilization, disinfection, or control 

protocols.  

Disk sterilization consisted of exposure to a steam autoclave (Model 833HC, Getinge, 

Gothenburg, Sweden) set to a temperature of 132.2 deg C for either 4 or 6 minutes. An 

alternative sterilization protocol to which the disks were subjected was use of hydrogen 

peroxide gas plasma sterilization (Sterrad 100S, Advanced Sterilization Products, Irvine, 

CA). A raft of specimens was subjected to this treatment for the standard full cycle time 

of 47 minutes. The hydrogen peroxide gas plasma is a low heat sterilization method 

with temperatures not exceeding 55 deg C during the sterilization cycle.  Disinfection 

treatments consisted of being subjected to a high concentration of IPA (99.5%) (Item 

number: A416-20, Fischer Scientific) for 5 minutes in a clear plastic bag, or a lower 

concentration of IPA (70%) (Item D022FC, Hydrox Laboratories, Elgin, IL) for 5 minutes 

in a clear plastic bag. The raft containing the control sample was not subjected to either 

sterilization or disinfection. All specimens were stored in the dark, at ambient 

temperature and humidity for a period of 11 days from post-curing.  

A flow chart of methods is provided in the following figure: 
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Figure 34: Flowchart of experimental methodology for Sterilization/Disinfection testing. 

At day 11, all specimens were tested. The testing procedures performed are similar to 

those noted previously when examining the effect of specimen ageing. However, in 

addition to obtaining maximal fracture stress values, the maximal deflection of the disk 

at failure, as well as the elastic modulus of the specimen were calculated. Fifteen 

specimens were tested in each experimental group: a total of 90 specimens. 

Data Description 

Independent Variables 

The independent variable in the sterilization/disinfection study is method of 

sterilization/disinfection, which is nominal. A total of 6 treatment groups are thus 

defined: steam sterilization for 4 minutes, steam sterilization for 6 minutes, hydrogen 
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peroxide gas plasma sterilization, and isopropyl alcohol disinfection using either 99.5% 

or 70% IPA, both for 5 minutes each. The control treatment had no 

sterilization/disinfection aspect, but the specimens were of the same chronological age 

as the specimens that did receive these treatments. 

Dependent Variable 

Three continuous dependent variables were tested: maximum flexural stress, maximum 

deflection at break, and elastic modulus. 

Data Analysis 

Data from each test parameter were analyzed independently, but using similar methods. 

Within each sterilization/disinfection method, observations that exceeded 2 standard 

deviations from the mean were excluded as “outliers.” The remaining data were then 

subjected to a 1-way analysis of variance (ANOVA), where the effects of the different 

sterilization/disinfection treatments on each test parameter were evaluated. If the 

ANOVA indicated the presence of a significant difference among treatments, pair-wise 

mean comparisons were performed using the Tukey-Kramer post-hoc test. All statistical 

testing was performed at a pre-set alpha of 0.05 using computer-based software 

(SigmaPlot V11, Systat Software). 

Post-cure Oven Analysis 

Restatement of the Specific Aim and related hypothesis 

The fourth specific aim was to test the hypothesis that the post-curing oven used to 

complete the polymerization of the freshly printed, alcohol-washed specimens, would 
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provide homogenous wavelength and irradiance throughout the 360 degrees of the 

horizontal plane within the post-curing unit, and that the post-cure temperature and time 

profiles of specimens treated in this unit would match values provided by the 

manufacturer. 

Detailed Methodology: Irradiance 

The post-curing unit (Form Cure, Formlabs) made by the same manufacturer as the 3-D 

printer, the computer software, the surgical guide resin, and the alcohol washing device 

was used in order to ensure that all treatments were in accordance with manufacturer’s 

recommendations. The Form Cure unit was analyzed for uniformity of irradiance and 

temperature. Two different parameters of this post-curing device were examined: the 

uniformity and wavelength of irradiance throughout the light box, as well as the change 

in specimen temperature as a result of post-curing treatment. Irradiance was measured 

using a microspectral radiometer with direct-attached cosine corrector (providing values 

traceable to a NIST-calibrated light source) (STS-UV-VIS-RAD Spectrometer, Ocean 

Optics, Dunedin, FL). The spectrometer sensor was placed in the exact center of the 

curing oven, and was positioned 11 mm above the floor of the unit. A custom-made 

positioning jig (Figure 35) was printed and the spectrometer was attached to it, so that 

the spectrometer could be rotated to precise orientations within the light box, while 

maintaining the face of the spectrometer at the exact height and within the same center 

vertical axis.  
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Figure 35: Post-curing oven pictured with custom positioning jig to hold the spectrometer and allow rotation into 
precise orientations. 

For measurement purposes, the sensor was placed facing in one of 8 pre-determined 

directions: facing Left (directly toward the left vertical line of UV LEDs), facing Left-Back 

(45 degrees clockwise from facing left), facing Back (directly towards the back, reflective 

surface), facing Right-Back (45 degrees clockwise from the back), facing Right (directly 

toward the right bank of vertically oriented LEDs), facing Right-Front, 45 degrees 

clockwise from facing right, facing Front (directly toward the 2-way, reflective front 

panel, and facing Left-Front, 45 degrees clockwise from facing front. At each location, 

the irradiant spectral profile of light falling on the cosine collector was recorded between 

350 and 700 nm. After collecting data in one position, the spectrometer was moved in a 

clockwise manner to the next position, where that location’s data were recorded. This 

process continued until 5 rotations of data were obtained (5 at each location, made in a 

non-sequential manner, and repositioning the spectrometer each time. The front door of 

the unit was closed during each measurement to assure light values were similar to 
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those when the unit was actually operating to post-cure an item. The cord of the 

spectrometer was positioned so that the front door could be closed, without causing 

stress to the wire or to the door assembly. All data were collected using software 

specific to that radiometer (Spectrasuite, Ocean Optics). The spectrometer collection 

parameters included a collection time of 75ms, with data averaging set to 5 and a box 

car parameter of 5. The collection software was set to a pre-existing calibration data file 

provided by the manufacturer for the specific radiometer used in order to ensure 

accurate irradiance values. The spectral irradiance values were copied from each run, 

and placed in a custom-made spreadsheet (EXCEL), where the total irradiance 

(mW/cm2) between 350 and 700 nm was determined for each run, as well as the peak 

wavelength of light output. The data were organized such that all 5 runs made at each 

test position were analyzed together, providing both the wavelength of output as well as 

the irradiance recorded at the sensor end of the spectroradiometer. Calculations were 

made of the radiant energy (J/cm2) at each position provided over the 30-minutes of UV 

exposure that a specimen would have received at the location where the sensor was 

located. 

Detailed Methodology: Time Temperature Profile 

 The time-temperature profile of a 3-D printed object when subjected to the 

manufacturer-recommended post-curing treatment for the specific type of resin used in 

this study (Surgical Guide Resin, Formlabs) was recorded as well. For this 

measurement, a 3-D printed bar (65 mm long, 3.3 mm thick, and 10 mm wide, including 

a base section to allow the bar to stand in a vertical direction) was printed, IPA washed, 

and post-cure heated many times. This process was necessary to prevent any 
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additional temperature rise that might have occurred as a result of post-cure 

polymerization of the specimen. A K-type thermocouple was fabricated (Part tt-t-30-sle 

(rhos), Omega Engineering, Inc., Stamford, CT) and embedded half way into the bar, 

and secured with flowable composite.  The thermocouple output was fed into an 

analog/digital, multi-channel thermocouple interface card (TCIC, Omega Engineering. 

The output from this device was fed into a custom made visual temperature display 

program (LabView, v 7.1, National Instruments, Austin, TX). Other simultaneous input 

channels were included in the graphical display. In order to establish known, NIST-

traceable, temperature values into the recording system, the temperature of a large 

volume of water (kept out in the room) was directly measured using a digital 

thermometer, that had been calibrated at the factory to NIST standards (Digi-Cal III, 

Analogic Corporation, Danvers, MA).    An additional K-type thermocouple was placed 

in this water jar, and its output was also fed into the multi-display, custom display unit. 

Custom temperature offsets were incorporated in the software to force the recording 

system to read the exact same temperature of the water as did the digital display of the 

NIST-traceable thermometer. The output temperature of the thermocouple embedded in 

the bar was then forced to be the same as that of the room-stored water. This 

procedure allowed the digital recording software to provide accurate temperature 

measurements for the values observed in the pre-cured bar while it was undergoing 

post-cure irradiation. A caveat to this method is that only the real-time temperature in 

the bar was obtained – there was no additional temperature rise from any curing 

exothermic reaction resulting from post-cure polymerization. The same bar was used for 

all temperature measurements. An additional digital channel was created in the 
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software to subtract the temperature value of the room temperature water from that of 

the temperature of the bar. In this manner, a time-based profile of only the absolute 

temperature rise of the bar during post-curing was obtained. However, the time-

temperature profile of the bar was still recorded on a separate channel.  Lastly, a 

channel was created for the input of a small photodiode that was taped to the 

translucent side of the post-curing unit. In this manner, a non-calibrated profile of the 

light created inside of the curing unit was recorded. Data from all four channels were 

recorded simultaneously at a rate of 10 data points per second. 

Once the temperature measurement system was established, the bar, with attached 

thermocouple wire, was placed on the horizontal plate of a laboratory jack stand, 

located in the center of the oven. The horizontal plate was raised or lowered such that 

the location of the thermocouple was in the exact center (in terms of height and X-Y 

position. The bar was stabilized onto the plate using double-sided tape, and the 

assembly was not moved throughout an experimental run. The following figure depicts 

the location of the bar with embedded thermocouple, within the post curing chamber. 
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Figure 36: K-type thermocouple, embedded into 3-D printed bar specimen, used to measure temperature within UV 
cure oven. 

Prior to each measurement, the post-curing unit temperature was allowed to return to 

the ambient air temperature of the room. At this point, the temperature in the bar was 

equalized of be that of the water storage bottle. The post-cure unit door was closed, and 

the temperature recording software was initiated. A short time elapsed prior to activating 

a pre-set post-curing mode. The specific post-cure processing conditions used were 

those suggested by the manufacturer for the specific resin used: preheating to 70 deg C 

and a light-cure exposure of 30 minutes. The temperature acquisition device collected 

data from all 4 channels throughout the entire post-curing run, and for a short time 

thereafter. Once data collection was completed, the oven door was opened, and the unit 

was allowed to cool to room temperature. The recorded data were imported into an 

electronic spreadsheet program (Excel) using a custom template that graphed all 4 

channels of each run; that enabled data collection for the following parameters: duration 

of pre-heating, duration of UV-light activation, average maximal bar temperature rise of 

the bar from that of room temperature, and absolute temperature rise of the bar during 
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post-cure processing. A total of ten replications were made of each time-temperature 

post-cure processing run.  

The following figure depicts the experimental flow chart for these segments of the 

research project: 

 

Figure 37: Flowchart of experimental methodology for the post-cure oven analysis. 

 
Data Description: Irradiance 

Independent Variables 

The categorical independent variable associated with irradiance measurement is 

defined in terms of where the data were obtained: 8 categories including Left, Left-Back, 

Back, Right-Back, Right, Right-Front, Front, and Left-Front. 

Dependent Variables 

Form Cure

Irradiance

Measurements at 8 
postions in horiozontal 

plane with UV LED 
lights on

5 replications of each 
measurement

Temperature
Measurement of entire 
pre-heating and post-

curing cycle

10 replications of the 
measurment of entire 

cycle
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There are two continuous dependent variables: irradiance, measured in mW/cm2 and 

wavelength measures in nanometers. 

Data Analysis 

The effect of direction of measurement on spectral irradiance was evaluated using a 1-

way analysis of variance (ANOVA), with 8 groups. Post-hoc comparison of mean values 

was made using the Tukey-Kramer method. All statistical testing was performed using a 

pre-set alpha of 0.05 and commercial software (SigmaPlot V11, Systat Software). 

Data Description: Temperature 

Independent Variables 

The variable is post-cure unit which has one nominal level: the 3-D printing post-

cure oven (Form Cure, Formlabs) 

Dependent Variables 

There are two continuous dependent variables: time, measured in minutes, and 

temperature, measured in degrees Celsius. 

Data Analysis 

Excel was used to summarize the time and temperature data using the mean and 

standard deviation. 
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Results 

Alcohol Penetration Depth 

Results 

The goal of the alcohol penetration depth testing was to examine how deep the alcohol 

was able to penetrate into the 3-D printed specimen during the alcohol wash stage. The 

results presented in this section consist of images from the fluorescent microscopy of 

the sectioned specimens and the z-stacks of the confocal microscopy.  

Fluorescent Microscopy 

Figure 38 presents’ images obtained using fluorescent microscopy with a 63x objective 

and oil (Axio Imager M2, Zeiss). 
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Figure 38: All images in this figure taken at 63x with oil. A: 3-D printed block washed and no bonding resin coat. B: 3-
D printed specimen not alcohol washed and having the fluorescein-labeled bonding resin coat. C: 3-D printed 

specimen that was alcohol-washed and had the bonding resin coat applied. 

In this image, panel A shows the surfaces of the sectioned 3-D printed control specimen 

with no bonding resin. Figure 38A is relatively less bright showing that the 3-D specimen 

itself has little auto-fluorescence. The image in panel B shows a specimen that was not 

washed, but was coated with the fluorescent bonding resin. Panel B has 3 layers from 

left to right: the layer outside the specimen, the layer of adhesive bonding resin, and the 

layer inside the specimen. The fluorescent bonding resin in Figure 38B appears to be 

on the surface of the 3-D printed specimen and does not appear to penetrate the 

surface of the unwashed specimen. Figure 38C is an image of a washed specimen with 
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the fluorescent bonding resin coating. The image in panel C was derived after applying 

the IPA wash to the outer specimen surface after the fluorescein-containing bonding 

resin had been applied and photopolymerized. Remnants of the fluorescing agent 

appear to be irregularly penetrating beneath the surface of the 3-D printed item to a 

depth of 10-25 microns. 

Confocal Microscopy 

The following figure presents a series of Z-stack images obtained using the confocal 

microscope (LSM 780, Zeiss).  

 

Figure 39: The ultrasonic washed and resin bonding coated 3-D specimen surface shown in 1 micron Z-stack 
thickness. The top left slice is the most superficial slice and the bottom slice left is the deepest slice. The red lines 

indicate 100 micron scale bars in an X-Y orientation. The red box is a 100x100 micron square selection. 
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Figure 39 presents the gallery of Z-stack slices of a specimen that had been 

ultrasonically washed in IPA and then coated with the fluorescent-labeled resin bonding 

agent. Notable is the varying fluorescence throughout the specimen and the apparent 

“hole” in the resin bonding coat. This “hole” was probably due to an air bubble present in 

the bonding adhesive, and was used as an indirect method for locating the top surface 

of the 3-D printed specimen. Upon close examination, and with adjustments in 

brightness and contrast, the reference “hole” is still apparent, even on the last, deepest 

image obtained, indicating that the scan depth never really reached the bottom top 

surface of the specimen. There were numerous groups imaged using confocal 

microscopy; however, the data was unable to show any differences among the groups. 

Therefore, only one gallery of Z-stack images was presented in the results section. 

Aging 

Maximum Flexural Stress (Strength) 

After removing the outliers, the results of the ANOVA indicated a significant influence of 

days of ageing on the biaxial flexural strength (p < .001). The ANOVA results are 

presented in the following table: 
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Table 2:  

Results of 1-factor ANOVA on the effect of specimen strength as a function of days of passage 
since they were post-cured 

 

Based on the Tukey-Kramer results, the mean strength values observed at each tested 

post-cure day were arranged into groupings, and their values and overall trend in the 

data are presented in the following figure: 
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Figure 40: Mean strength values (+/- 1 standard deviation) at days 0, 1, 3, 5, 8, 10, 12, and 16. The left y-axis 
displays strength values in MPa (blue line), while the right Y-axis displays (orange) the percent change in specimen 

strength, relative to day 0, immediately after post-curing. Days labeled with similar upper case letters are not 
significantly different (p > 0.05) 

Moving from Day 0 to Day 1, an increase in strength of approximately 20% is observed. 

Thereafter, there is a continuing decline in strength with post-cure day passage until 

Day 8, where it can be seen that the values tend to plateau near 360 MPa, representing 

an average loss of 20% in strength, relative to the immediately post-cured group. Days 

labeled with the same upper case letter demonstrated strength values that were not 

significantly different from each other (p < 0.05). 

Sterilization/Disinfection Effects 

Maximal Flexural Stress (Strength) 

Based on the results indicating strength values were not statistically significantly 

different from day 8 until day 16, the sterilization/disinfection disks were tested within 8 
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to 16 day range on day 11. After removing the outliers, the one-way ANOVA for the 

strength parameter among all the different levels of sterilization/disinfection indicated 

that one or more methods had a significant influence on disk strength (p<0.001), as 

seen in the following table: 

Table 3  

ANOVA table testing the influence of sterilization/disinfection treatment on specimen 
strength 

 

For this analysis, outliers were removed from a testing group if the value fell outside of 2 

standard deviations from the mean.  

Using the Tukey-Kramer post-hoc method to compare means post-hoc, significant pair-

wise differences were identified among sterilization/disinfection treatments.  The 
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following figure graphically depicts strength values with respect to method of 

sterilization/disinfection, and indicates which treatments were significantly different. 

 

Figure 41: Flexural strength (MPa) (+/- 1 standard deviation) of disks measured 11 days following post-cure 
processing. Treatments identified using the same upper case letters are not significantly different (p > 0.05). 

 

In Figure 41, it can be seen that only the heat sterilization (autoclave) treated samples 

demonstrated mean strength values that were significantly different from all other 

treatments (which were not significantly different among themselves). In addition, there 

was no significant difference in strength values between the 2 durations of autoclave 

treatment: 4 or 6 minutes. 
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Maximum Deflection 

Statistical analysis of the differences in mean maximum deflection at specimen failure 

among the various sterilization/disinfection treatments is seen in the following table: 

Table 4  

Results of the 1-way ANOVA testing the influence of sterilization/disinfection method on 
the maximum deflection of disks at specimen failure 

 

Although the testing indicated a failure of equal variance among the test groups, these 

values were so small, and the variances were also extremely small. Thus, with the high 

number of specimens per group (all had at least 12), it was thought that this aspect 
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could be overlooked in the analysis. The test results indicated the presence of one or 

more groups having statistically significant deflection values, so the Tukey-Kramer 

method was used to identify which treatments were significantly different. 

The mean data are displayed graphically in the following figure: 

 

Figure 42: Maximum deflection (millimeters) of the disks measured at day 11. All 6 sterilization/disinfection groups are 
represented. The lettering above each column represents each statistically significant group as determined by the 

pairwise Tukey-Kramer Test. 

The only treatments resulting in significantly lower deflection prior to failure were seen 

when submitting specimens to either the 4- or 6-minute long heat sterilization 

(autoclave). The deflection values of those time-treatments were not significantly 

different from each other. In addition, the mean deflection value for the untreated control 
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was not significantly different from that for the hydrogen peroxide vapor method or 

either of the IPA concentrations. 

 

Elastic Modulus 

The report for the one-way ANOVA comparing elastic moduli values among the different 

sterilization/disinfection methods is seen in the table below: 

Table 5  

Results of the 1-way ANOVA testing for elastic modulus 

 

Only one specimen was deleted as an outlier for the 6-minute-long heat sterilization 

treatment. The remaining groups were fully populated with 15 specimens. Because the 

analysis identified that one or more groups had significantly different mean moduli 



Master’s Thesis          William Baldock                                                       Page 83 / 110 

values, the Tukey-Kramer method was used to compare all pairs of treatment means. 

Treatments identified using the same upper case letters are not significantly different (p 

> 0.05). The graphical presentation of moduli data among the different 

sterilization/disinfection groups is seen in the following figure: 

 

Figure 43: Elastic modulus (megapascals) of disks measured eleven days after post-cure treatment. Data represent 
the mean (+/- 1 standard deviation) Vales of groups identified with similar upper case letters are not significantly 

different (p > 0.05) 

Figure 43 is a graphical representation of the elastic modulus results of the 6 groups in 

the sterilization/disinfection testing. The lettering above each column denotes groups of 

statistical significance as determined by the pairwise Tukey-Kramer method. The steam 

sterilization short and long groups both have a statistically significantly higher mean 

elastic modulus as compared to the 4 other groups. The control, H-Peroxide, IPA-70, 
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and IPA-99 groups were all not statistically significantly different in terms of mean 

elastic modulus. 

Correlation of Changes in Deflection and Strength with Sterilization/Disinfection 
Treatment 

One of the underlying hypotheses of this research was that, following post-cure 

treatment, specimens being submitted to elevated temperatures would result in further 

polymerization of the polymer, resulting in a more brittle specimen: one demonstrating 

higher strength, but also displaying a lowered deflection value at failure. A graphical 

depiction of how these two separate parameters interacted among the various 

sterilization/disinfection treatments is seen in the following figure. 

 

Figure 44: Relationship of mean maximum stress at failure (strength) and maximum deflection at failure for each 
sterilization/disinfection treatment. Mean value identified using a symbol, accompanied by +/- 1 standard deviation of 
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each parameter. Values have been placed into color-coded quadrants, indicating the relative change in test 
parameters. 

The data presented in this figure, although not amenable to statistical analysis, confirm 

the findings of individual analyses performed for strength and deflection previously 

provided. The change in properties resulting from heat sterilization of the specimens 

(orange and red dots), relative to the experimental control (blue square), is obvious: 

heat treatment results in specimens that are stronger, but less flexible, i.e. more brittle. 

Although there were no significant influences of sterilization/disinfection on strength and 

deflection values among the control and hydrogen peroxide and IPA disinfection modes, 

the data indicate that exposure to 99.5% IPA for disinfection comes closest to matching 

the properties of the untreated control group. Hydrogen peroxide sterilization tends to 

make specimens a little lower in strength and flexibility, while being subjected to 70% 

IPA tends to increase strength, without altering flexibility. 
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Post-Curing Oven Analysis 

Irradiance 

The following figure displays a spectral irradiance profile for this unit. 

 

Figure 45: Spectral irradiant profile within the light box during UV-exposure 

Spectral irradiance profiles and absolute irradiance values of the UV light emission 

within the curing oven were obtained in the same horizontal plane, located at the center 

of the vertical chamber height and coincident with the central vertical axis of the box. 

Data were obtained every 45 degrees within this plane. A 360 degree graphical 

illustration follows: 
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Figure 46: The irradiance (mW/cm2) distribution within the UV post-cure oven (Form Cure, Formlabs) in the horizontal 
plane (as if looking down through the top of the unit). 

This figure depicts a very non-homogeneous distribution of light within the chamber.  

Another manner in which to visualize the differences in irradiance within the unit is to 

compare the spectral irradiance profiles of light at the same locations as above, as 

shown in the following figure: 
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Figure 47: Absolute spectral irradiance profiles (mW/cm2) distributions within the Form Cure oven in the horizontal 
plane (looking down form the top) 

Note that the Y-axis scale limits are identical for each position and that the wavelength 

value did not differ among positions, and remained fixed near 397 nm. 

Statistical analysis of the absolute irradiance values measured at each location confirms 

the presence of inhomogeneity, as provided in the following table: 
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Table 6  

Results of 1-factor ANOVA testing of the effect of position measurement and irradiance 

 

Although the normality test was passed, the equivalence of variance test was not. The 

results in Table 6 show low variation associated with locations B, R, and F, relative to 

the other positions. The results of the Tukey-Kramer analysis are provided in the 

following figure: 
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Figure 48: Absolute irradiance at 397 nm when facing different locations within the post-curing oven. N = 5 
replications per condition, vertical bar = +/- 1 standard deviation. 

The front and back surfaces provided the lowest levels of irradiance. There are no 

vertical LEDs generating light on either of these surfaces, and the back surface is 

merely a single-surface reflector. The front surface acts like a 2-sided mirror, allowing 

internal light to reflect back, but also allowing light from inside of the unit to escape, so 

that the operator can clearly visualize what is happening during the UV curing process.  

The duration that the UV radiation was provided was also measured, and found to be 

approximately 30 minutes. In order to determine the total applied radiant exposure at 

each location (equal to the irradiance multiplied by the exposure duration in seconds, in 

units of Joules/cm2), each localized irradiance value was multiplied by a factor of 1800, 

and the product was expressed in the proper units. This value provides an indication of 

the total amount of radiant energy reaching the center of the oven during the 

manufacturer-recommended exposure time. Because all irradiance values were merely 

multiplied by the same constant value of exposure time, the overall statistical 



Master’s Thesis          William Baldock                                                       Page 91 / 110 

comparison of the positions remains the same as that for irradiance. The position-

sensitive plot of radiant exposure inside of the light box is seen in the following figure: 

 
Figure 49: Graphical depiction and statistical grouping of radiant exposure values with respect to direction from which 

the irradiant energy is coming. N = 5 specimens per condition. 

The same pattern seen with irradiance is noted for radiant exposure: the lowest mean 

values were found on the flat, reflective surfaces (Back and Front), and the highest 

mean values were found directly in front of the light emitting diodes (Left and Right). 

Recognizing the non-homogeneity of irradiance and radiant exposure, the manufacturer 

provides a rotating table inside of the light box, where specimens are placed and rotated 

in a clockwise direction, so that all specimen surfaces are exposed to the average of the 

radiant energies at each position. Thus, the average irradiance and average radiant 

exposure of all positions were calculated, and are provided in the following table: 
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Table 7  

Descriptive statistics of average irradiance and radiant exposure measured inside of the 
post-curing unit over the recommended exposure time of 30 seconds. (N=5) 

 

In comparison to a dental light curing unit (emitting blue light neat 460 nm), it is not 

uncommon to observe an irradiance value of 1200 mW/cm2. However these units are 

used for only about 10 seconds, providing a radiant exposure value of 12 J/cm2, much 

like the total energy provided in this post-curing unit. However, the low irradiance of the 

post-curing unit was applied for 1800 seconds, not 10. 

 

Temperature Measurement 

One of the functions of a post-curing unit is to not only supply high levels of UV 

radiation, but to also do so while the specimen is heated. Doing so greatly increases the 

extent to which the as-printed item is further polymerized, making its properties more 
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homogeneous and of higher values. The specific unit used for testing pre-warms the 

specimen is to 70 deg C prior to activation of the UV LED lights. Once those lights are 

on, the unit is supposed to maintain that temperature all throughout the UV exposure. At 

the completion of the 30-minute-long exposure, the UV light goes off, as does any 

heating.  As part of our research, we recorded the actual time-temperature profile of a 3-

D printed part to see if the manufacturer’s stated values were achieved.  

Graphical depiction of a typical post-curing run is seen in the following figure. 

 

 

Figure 50: Time-temperature (Deg C) results of a typical post-curing run, capturing 4 different parameters. Grey line: 
temperature inside a 3-D printed bar specimen (“BAR”). Red line: Absolute temperature rise inside the pre-cured bar 
specimen during post-curing (“TEMP RISE”). Yellow line: Temperature of the room-stored water bottle (“WATER”). 

Blue line: Output of light inside of the UV chamber 

At time point #1 in Figure 50, the selected post-curing cycle was started. At this point, a 

small, white LED came on inside the curing unit, enabling precise determination of 
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exactly when the curing cycle and subsequent temperature increases occurred. 

Between time points 1 and 2, the unit went through a pre-programed, ramped, heating 

schedule that is designed to raise the temperature of the specimen to 70o C, prior to the 

UV curing lights coming on. At time point 2, the UV lights were activated, and the 

specimen temperature was stabilized near the target value of 70o C. Between time 

points 2 and 3, the UV light was continuously on, but one can observe that its output 

slowly decreased over time. At time point 3, the UV curing lights and the internal oven 

heaters were shut off, and the specimen temperature rapidly declined towards room 

temperature (near 22 Deg C).  

Over the course of 10 independent post-curing runs, after allowing the unit to cool to 

room temperature prior to initiating another run, the following results were observed: 

1. Maximum temperature increase inside the bar-shaped specimen (starting from room 

temperature): 71.6 +/- 0.5°C (as determined from the average temperature increase 

between start and end of the UV-light exposure) 

2. Maximum absolute temperature increase in the bar specimen during testing: 49.9 +/- 

0.6°C (as determined from the average temperature increase between start and end 

of the UV-light exposure) 

3.   Mean duration of specimen pre-heating: 23.0 +/- 1.1 min 

4. Mean duration of UV light exposure: 30.362 +/- 0.004 min 

5. Mean bar temperature at completion of pre-heat and immediately prior to UV 

radiation: 68.9 +/- 0.6°C 
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Discussion 

Alcohol Penetration Depth 

Hypothesis 1 stated that, during the alcohol wash, 99.5% isopropyl alcohol (IPA) would 

not penetrate greater than 0.1mm into the material block. Because the purpose of the 

IPA wash is to remove only uncured monomer from the surface of the specimen, it was 

unknown if exposure to IPA via a static or ultrasonic wash also removed monomer from 

the sub-surface of freshly printed objects. If true, the depth of monomer loss from the 

surface of a specimen could greatly affect the final physical properties of specimens 

after the post-curing treatment. 

Our results confirm this hypothesis and indicated that 99.5% IPA will not 

penetrate greater than 0.1 mm into the material block. We were unable to show any 

significant difference between the two methods of IPA wash: 10 minute ultrasonic bath 

or sequential 5 minute static IPA baths. Figure 38C depicts the fluorescent marker 

penetrating into the surface of the specimen no more than 25 microns (0.025mm). The 

IPA does not appear to be removing significant monomer from the subsurface of printed 

objects within the 10 minute wash period. Thus, the IPA wash should not have any 

meaningful effect on the final physical properties of the 3-D printed specimens. 

 There is limited published research on the depth of alcohol penetration into a 3-D 

printed specimen during the wash phase of the post-processing of the printed 

specimens. Fluorescent microscopy was used to image the cross sections of the 
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fluorescently-labeled specimens. In Figure 38, the inner surface of the specimen, top 

surface of the specimen, and fluorescent-labeled bonding agent layer can be identified. 

Using the scale bar for reference, the fluorescence is seen to be penetrating 10-25 

microns below the surface of the 3-D specimen. The qualitative analyses we performed 

appeared to show that the isopropyl alcohol did not penetrate more than 25 microns into 

the 3-D printed specimen within the 10 minute wash period. This result is an 

encouraging sign that the alcohol wash is unlikely to significantly alter the physical 

properties of the 3-D printed object during a 10 minute IPA wash. This conclusion is 

based on the idea that, if alcohol penetrated into the sub-surface of the specimen, it 

would remove monomer from the inner portion of the object and create a weaker final 

product. The data we collected were intended to provide information on how the alcohol 

wash affected the 3-D printed specimens prior to conducting the remainder of the 

original experiment. However, the full experimental design was significantly modified 

after conducting the alcohol penetration testing. Thus, this cursory investigation limited 

our ability to apply the information we obtained to the current experiment. The specific 

alcohol wash that we used was performed by an automated, manufactured device, that 

was part of the 3-D printing system made by the same manufacturer (Formlabs). Thus, 

the more detailed information on the effect of alcohol penetration were deleted from the 

subsequent object testing that was made. 

The images obtained using confocal microscopy proved difficult to analyze. It was not 

possible to conduct quantitative data analysis, due to difficulty in determining where the 

exact surface of the 3-D printed specimen began. Furthermore, the confocal data could 

not be used to distinguish between the two methods of alcohol wash in terms of depth 
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of alcohol penetration. For this reason, our results section contains only one 

representative sample of the Z-stack images. However, the z-stack images did show a 

relative thickness of the dental bonding layer and some evidence of fluorescing agent 

penetration into the 3-D specimen. Upon examination of the z-stack images, 25 microns 

of penetration seems to be a reasonable estimate. The other potential confounding 

variable in this analysis was penetration of the dental bonding agent with the fluorescein 

mixed in. The experimental concept we tested was that the alcohol wash produces 

microscopic pores in the surface of the 3-D specimen. The fluorescein-laden dental 

adhesive would then flow into those pores and polymerize, yielding an indirect method 

of measuring the extent to which the IPA wash removed superficial, uncured monomer 

from the specimen surface. However, the fluorescent-labeled dental bonding agent with 

fluorescein may not have perfectly followed the depth of isopropyl alcohol penetration. 

Only further testing could have verified a valid method of analysis for this test 

parameter. Due to the difficulties with analyzing the confocal data, only one z-stack 

image was included in the results. 

 

Aging 

Hypothesis 2 stated that the flexural strength of freshly printed and post-cured 3-D 

printed specimens would change as they aged, until a point at which the strength 

reached a plateau. It was important to examine this aspect for subsequent testing of the 

influences of disinfection and sterilization methods imposed on freshly post-cured 

specimens. By eliminating the variation of specimen strength as related to aging as an 
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influential factor on subsequent testing, a clearer understanding of the effects of 

disinfection and sterilization protocols on the 3-D printed disks could be revealed. 

Figure 40 shows flexural strength values initially increasing in strength, and then 

undergoing a slow decrease until a plateau is reached, approximately 8 days after post-

curing. These results verify hypothesis 2 for aging of the 3-D printed specimens. These 

findings not only yield valuable information for the successive parts of this study, but 

also provide useful information with respect to how the physical properties of 3-D 

printed objects change with age. 

The aging testing was designed to analyze and remove a potentially confounding 

variable from the analysis of the effects of sterilization and disinfection. The aging data 

itself also show how the properties of a nasopharyngeal swab or a 3-D printed surgical 

guide may change as they age. Both of these items are not typically used immediately 

after they are fabricated, and our findings provide a more realistic perspective of their 

properties when the items are ready to be clinically applied. Our results indicate that 

specimen strength stabilizes around the 8-16 days of age, and thus the effects of age 

could be controlled when examining the effects of sterilization and disinfection. In this 

part of our experiment, all disk specimens were printed, uniformly post-processed, and 

broken with the only variable being the age of the specimen.  

There is limited published research on the aging of 3-D printed objects which to 

compare our results. Interestingly, our results showed that the strength at day 1 

increased when compared to the specimens tested immediately after post-curing (day 0 

specimens). This was followed by a decrease in strength at day 3 and a plateau 
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beginning at day 8 and lasting through day 16. The initial increase in strength observed 

one day following specimen fabrication may be attributed to continued propagation of 

radical components remaining after the initial post-curing. Such additional 

polymerization results in a higher degree of polymer network cross-linking, and thus, an 

increased strength.   However, because the polymer is already of high modulus when 

printed, the resulting additional polymerization (post-curing) results in high degrees of 

internal stress development. The slow decline in strength following day 1 might be 

attributed to the slow stress relaxation of the polymer network. Such relaxation is the 

result of a slow deformation of the polymer network in response to the high internal 

stresses it developed. This relaxed network would then exhibit a lower strength value, 

because the network is slightly more deformable. The process of stress relaxation is 

seen to plateau with time after post curing by the indirect observation of a stability in the 

disk strength over time. Thus, it was decided to age all disks following post-curing so 

that any influence of un-relieved internal stress would be similar in all test specimens 

and would coincide with the proven leveling of strength values as a function of time. 

These results could also translate to stability in the physical properties of surgical 

guides and nasopharyngeal swabs after the 8-day time point. Further testing should be 

done to assess how long the 3-D printed objects will maintain stable physical properties. 

A limitation of the testing of the thin disk specimens that were used is that they 

are not the same thickness as specimens typically used for such evaluations. Usually, 

large bar-shaped specimens (65 mm long, 10 mm wide, 3.3 mm thick) are fabricated. 

Because of the added bulk of such specimens, it is thought that time-based changes in 

the strength of this material might be even more prolonged, due to the larger amount of 
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lower-polymerized unpolymerized resin remaining deep within these specimens. The 

specimens used in the current study were only 0.5 mm thick. However, it is reasonable 

to assume that the effects of time and subsequent effects of sterilization and disinfection 

that we found would be similar to changes seen in the more bulky specimens. 

Sterilization/disinfection 

Hypothesis 3 stated that steam sterilization of 3-D printed specimens would result in a 

significant increase in the strength and elastic modulus and a significant decrease in the 

maximum deflection of the specimens, as compared to hydrogen peroxide gas plasma 

sterilization, isopropyl alcohol disinfection, and the untreated control. In addition, it was 

further speculated that an increase in steam sterilization duration (from 4 to 6 minutes) 

would result in a significant further increase in strength and elastic moduli while also 

significantly decreasing maximum deflection before failure; i.e., the specimens would 

become even more brittle. 

The overview of the results from the sterilization/disinfection testing provided in 

Figure 44 shows that hypothesis 3 was confirmed. Steam sterilization resulted in a 

significant increase in specimen brittleness (increased strength but decreased flexure 

prior to fracture). In addition, increased duration of steam sterilization tended to show 

increased brittleness, although not significantly. On the other hand, hydrogen peroxide 

sterilization treatment did not significantly alter specimen properties relative to the 

untreated control. In addition, neither concentration of IPA disinfection showed a 

significant influence on specimen properties relative to the control. 
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The sterilization/disinfection testing was designed to occur within the 8-16 day 

specimen age range, based on our results that indicated a plateau of physical 

properties during this time. In the production of nasopharyngeal swabs and dental 

surgical guides, the sterilization or disinfection of these 3-D printed objects is an 

important step. These items must maintain their physical properties to ensure correct 

function and to prevent any fracture during use. It was postulated that steam sterilization 

would make the 3-D printed surgical guide material more brittle. The results of the study 

confirmed this hypothesis. Following any duration of steam sterilization, specimens 

demonstrated significantly higher strength, lower deflection to fracture, and a higher 

modulus than all other treatments, including the untreated control group. The 

phenomenon responsible for these differences is thought to be related to the exposure 

of the specimens to the high heat levels in steam autoclaving. Such extreme conditions 

could be facilitating additional polymer network cross-linking, which then increases the 

level of internal stress and significantly decreases the flexibility of the object. There is 

limited published research with which to compare our findings, which is one reason the 

National Institutes of Health (NIH) is currently extremely interested in research on this 

topic. The ability to provide totally sterile specimens for use as either a 3-D printed 

surgical guide or a nasopharyngeal swab should also be evaluated. Hydrogen peroxide 

gas plasma demonstrated very little effect on the physical properties of the 3-D resin 

when compared to the untreated control. If sterilization of these objects is determined to 

be an absolute necessity, then users should consider this treatment as a viable 

alternative to use of higher-temperature steam autoclaving, which resulted in brittle 

specimens. However, use of less expensive cold disinfectants, such as IPA, may result 



Master’s Thesis          William Baldock                                                       Page 102 / 110 

in items that will not be harmful during their intended use. It is interesting to note that 

70% IPA has been found to be a much more potent antibacterial disinfectant than the 

higher concentration (99.5%) used as a wash material in the 3-D printing process. This 

higher potency is thought to be related to the inclusion of water in the alcohol of the 

lower concentration product. [36, 51] 

Future research should include additional methods of sterilization and 

disinfection. In addition, different timelines should be used with regard to when the 3-D 

objects are sterilized or disinfected and when the 3-D printed objects are tested. 

Post-curing oven analysis 

Because post-curing of 3-D printed items involves both the additive effects of light as 

well as temperature, it was thought necessary to closely evaluate the specific post-

curing oven used for processing all the items in this research. Again, the specific post-

curing unit used was only one part of a multi-component system provided by the same 

manufacturer, and to be used as part of their recommended sequence in producing 

clinically acceptable 3-D printed parts. Thus, testing was devised to evaluate the 

specifics of each of these major device parameters and was designed to address our 

research hypotheses. 

Hypothesis 4 stated that the post-curing oven used to complete the 

polymerization of the freshly printed, alcohol-washed, specimens would provide 

homogenous wavelength and irradiance throughout the 360 degrees of the horizontal 

plane within the post-curing unit, and that the temperature and time profiles of 
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specimens post-cure treated in this unit would match values provided by the 

manufacturer. 

 The results provided in Figure 46 did not confirm part of this hypothesis. The 

irradiance within the post-curing oven was not homogenous throughout a horizontal 

plane in the very center of the device. However, Figure 47 shows that the wavelength of 

light was homogenous throughout the horizontal plane: 397 nm. Furthermore, the 

results provided in Figure 50 partially uphold the hypothesis by confirming that the 

temperature and time profiles match the values provided by the manufacturer. These 

data help to confirm that the specimens were indeed treated within manufacturer-

specific post-curing conditions. 

The post-curing oven used was a key piece of equipment in this research study. 

One of the goals of our study was to assess the irradiance and temperature of the post-

curing unit and compare results to the manufacturer’s information. Another goal was to 

characterize the components of the post-curing oven to better understand what a 3-D 

printed item is subjected to during the post-curing process. Our data showed an uneven 

distribution of irradiance throughout the horizontal plane of the curing oven. Significantly 

higher irradiance values were delivered from the directions facing the ultraviolet light 

sources. Much lower irradiance values were generated from the front and back 

directions, which have no light source and are providing irradiance via different types of 

reflective surfaces. The Form Cure unit is designed with a rotating platform to allow 

more even distribution of the UV light during the post-curing treatment.  
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It is important to note that the time-temperature profiles were obtained using an 

indirect method of data accuracy that was traceable to a NIST-calibrated device. Our 

test results clearly showed that the temperature of the unit (and the temperature of 

specimens contained within the unit) closely matched the manufacturer’s listed times 

and values. Capturing this information provides a much better understanding of what a 

specimen is subjected to during the post-curing process. The heat inside the unit is 

designed to allow greater mobility of the molecules within the 3-D printed object, which 

facilitates further internal polymerization. Providing simultaneous exposure to near UV-

light provides the opportunity for creating additional free radicals deep within the item 

surface, with the potential of creating a larger polymer network, and more monomer 

being consumed. Heat and light exposure thus have different mechanisms for 

potentially increasing the item polymerization following 3-D printing. In either case, 

because additional polymerization may occur, the consumption of unreacted internal 

monomer is increased, leading to less potential for leaching of these toxic compounds, 

and thereby increasing their biocompatibility. Limited independent research has been 

published on the performance of this specific post-curing oven. We compared our 

results to the manufacturer’s stated values. Future research should involve analysis of 

post-curing units from different manufacturer’s to facilitate an independent comparison 

among manufacturers with respect to the effects of the levels of light exposure and 

temperature to which specimens are exposed using the different post-curing systems. 
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Conclusions 

Within the limitations imposed by the conditions of this study, we make the following 

conclusions: 

1. For the specific brand of surgical guide resin used and the time and method of 

alcohol exposure, the concentration of isopropyl alcohol typically used in the 

post-printing wash of 3-D items (99.5%) does not appear to penetrate greater 

than 25 microns into the as-printed item.  

2. Post-cure treated, 3-D printed, surgical guide resin loses strength as it ages until 

approximately 8-16 days following post-curing, whereupon the strength values 

reach a stable, but lower, value. 

3. The method of sterilization significantly affects the physical properties of surgical 

guide resin. Either duration (4 or 6 minutes) of steam sterilization resulted in 

significantly higher flexural strengths, but lower deflections before fracture, 

(causing embrittlement) than did the non-treated control, or use of hydrogen 

peroxide vapor sterilization.  Use of hydrogen peroxide vapor sterilization did not 

result in any significant difference in physical properties relative to either the 

untreated control or to any concentration of IPA disinfectant. 

4. Neither concentration of IPA disinfectant (70% or 99.5%) resulted in significantly 

different physical properties compared to the untreated control group. 

5. The Formlabs post-curing curing unit (Form Cure) does not have a uniform 

distribution of irradiance throughout the horizontal plane within the unit. However, 
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it does have a rotary platform to ensure a more even distribution of ultraviolet 

light exposure during the post-curing exposure. 

6. The Formlabs post-curing unit temperature values during post-curing of 3-D 

printed objects adhere closely to the manufacturer’s stated values. 
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