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ABSTRACT  
 

 
Title of Dissertation: THE COLOR STABILITY OF 3D-PRINTED 

AND MILLED ZIRCONIA CROWNS 

  
 Harrison Isaac Spatz, Masters of Biomedical 

Sciences, 2021 
  
Dissertation directed by: DDS, MS, PhD, Radi Masri, Professor, 

Department of Advanced Oral Sciences and 
Therapeutics 

 
Purpose: This is an in vitro study on the color stability of 3D-printed and milled zirconia 

crowns. 

Materials and Methods: A total of 18 samples were tested, 9 milled and 9 printed zirconia 

crowns. Change in color (ΔE) was assessed before and after samples were soaked in 

solutions of coffee, chlorhexidine and distilled water for a simulated period of 1 week. 

Two-way ANOVA was used to compare between the groups.  

Results: There was a significant difference (P = .003) between ΔE of samples soaked in 

chlorohexidine (4.24 ±3.62) versus coffee (8.84 ±7.48) and between ΔE of samples milled 

(1.64 ±1.12) versus printed (11.11 ±3.96, P ≤ .0001).  

Conclusion: Printed zirconia crowns are more susceptible to staining than milled crowns. 

Printed zirconia crowns appeared noticeably darker when soaked in coffee and lighter 

when soaked in distilled water and chlorohexidine.  
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Chapter 1: Introduction 

Digital Dentistry 

No other revolution in recent history has had a greater impact on the world than 

that of the digital revolution. Dentistry for decades relied on conventional laboratory 

fabrication to produce any prosthesis. Producing a prosthesis of any good quality required 

a lot of human intervention with considerable skill and manipulation of materials that 

have inherent processing shrinkage and/or expansion. This would translate to processing 

errors and inaccuracies leading to increased time and cost to the dentist. Therefore, 

dentistry is a field which has been highly impacted by the introduction of digital 

technology, introducing the “digital workflow” into the mainstream dental practice. The 

digital workflow allows various scanning technologies to be used in the capture of data 

which is imported into computer aided design (CAD) software used to manufacture 

structures in a desired material through computer aided manufacturing (CAM). 

Compared to the conventional lab fabrication, the digital work flow has the advantages of 

greater ability for virtual evaluation of work, quality control, and parallel development of 

prostheses leading to less errors and decreased fabrication time and cost.1 

Additive and Subtractive Manufacturing  

There is a continuous development and refinement of these digital systems. 

Computer aided manufacturing has been done traditionally via subtractive methods 

(milling) but there has been the recent introduction of additive methods (printing).   
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Subtractive methods are done by computer numeric controlled machines using 

multiaxis milling systems to mill the prosthesis from an industrial grade blank, either a 

block or disc. The number of degrees of freedom of the cutter and material movement 

limits the complex geometry and cutter tool size and rotational speed governing the 

minimum feature size and surface finish quality.  

Among milling systems there are two types: hard machining and soft machining. 

Hard machining consists of milling the workpiece to its exact dimensions (resulting in an 

accurate shape and precise dimensions) therefore requiring heavy cutting forces for 

efficient material removal which can reduce the life span of the milling tool. Soft 

machining consists of milling an oversized workpiece which is then sintered (such as 

milling pre-sintered zirconia which will cause a 25-30% shrinkage of the workpiece once 

sintered) but allows for quicker milling and reduction of cutting forces increasing the 

lifespan of the milling tool.2 

Additive methods are done by using 3D-model data and laying down successive 

layers stacked vertically of liquid or powder material which is fused to create a final 

prosthesis with additional support structures to fix/support the part during the layering 

process.3 There are many types of additive methods including material extrusion, powder 

bed fusion, plaster-based 3D-printing, laminated object manufacturing, stereolithography, 

and polyjet 3D-printing.  

Material extrusion works by a liquefied material (which can be thermoplastics, 

waxes, and some eutectic metals) being extruded through a nozzle of a fused filament 

fabrication (FFF) printer which is selectively deposited and solidifies onto a platform 

layer by layer. Powder bed fusion uses powders as the source of material that are fused or 
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sintered into a solid shape and there are many different types including selective laser 

melt, electron beam melting, selective heat sintering, and selective laser sintering. 

Selective laser melt occurs via powdered metal being welded into a solid form via high 

power laser layer by layer. Electron beam melting occurs via bed of conductive powdered 

metal being heated under vacuum to near melting temperature then electron beam is 

raster scanned over the top layer of powder to selectively fuse particles into the desired 

cross-sectional shape which is repeated for subsequent layers. Selective heat sintering 

occurs via similar process to selective laser sintering but uses a thermal print head which 

is mechanically scanned over the surface of the powder bed. Selective laser sintering 

involves the use of high-power laser to fuse small particles of plastic, metal, ceramic, or 

glass into a mass that has a desired 3D-“shape.”  

Plaster-based 3D-printing (binder jetting) creates the cast one layer at a time by 

spreading a layer of powder (plaster or resins) and printing with a liquid binder in the 

cross section of the part using an inject like process.  Laminated object manufacturing 

(sheet lamination) a sheet is adhered to a substrate with a heat roller and a laser traces 

desired dimensions of the prototype and cross hatches the non-part area to facilitate waste 

removal.  

Stereolithography/SLA (vat photopolymerization) produces the solid layers using 

an ultraviolet light beam that moves on a curable liquid polymer pool. As the first layer is 

polymerized, a platform is lowered a few microns and the next layer is cured. This 

process is repeated until the solid object is completed. Polyjet 3D-printing (aka material 

jetting) is similar to inkjet document printing but instead jet layers of liquid 

photopolymer onto a build tray and cures them with UV light.4  
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Both processes of milling and printing have advantages and disadvantages. The 

advantages of milling are a wide range of dental restorative materials can be used, 

systems are not sensitive to small inconsistencies in solid geometry of a surface 

tessellation format (STL) file, and low cost. The disadvantages of milling are cannot 

produce structures within structures or enclosed hollow structures, there is a limitation of 

accuracy and achievability of an organic shape due to the number of axis the mill allows, 

cutters can become dull and inefficient if milling harder materials and difficult to 

customize color in specific areas unless characterizing after milling. The advantages of 

printing are virtually unlimited ability to design complex structures in one fabrication 

cycle, easy to use, and can customize what colors/materials are being used in specific 

areas of the print. The disadvantages of printing are increased cost of the machines and 

software, need for post processing and polishing due to “step effect” of layered 

production affecting surface texture and overall dimensional accuracy of the prosthesis 

(which can be corrected by turning down layering thickness to smallest possible 

resolution but significantly increases the building time of structures), limitations in 

materials that can be used, very sensitive to inconsistencies in the STL file, and 

possibility of porosities due to the binder being photocurable curable resin in SLA 

printing.5  

The way in which printing methods solve a lot of subtractive problems are less 

material wastage, passive production reducing surface microcracking, and fine detail 

production allowing ability to produce a variety of shapes and sizes that is only limited 

by the size of the building chamber of the machine and not the size offered by preformed 

discs. Even though additive methods still have limitations, promising research and 
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increasing development of the technology points towards the greater integration of 

additive technologies being used in dental prosthesis fabrication in the future.6 

Zirconia and Color Stability  

The demand for esthetic dental services is on a significant upsurge due to an 

esthetic conscious society.7 Indirect restorations constructed from various all ceramic 

materials is widely practiced in dentistry due to superior esthetics, biocompatibility, wear 

resistance and chemical durability. A dental material highly studied due to the recent 

incorporation of highly esthetic materials in dental restorations is zirconia. Zirconia can 

assume three crystallographic forms depending on the temperature. At room temperature 

and upon heating up to 1170 ◦ C, the symmetry is monoclinic which then changes to 

tetragonal between 1170 and 2370 ◦ C and cubic above 2370 ◦ C and up to the melting 

point. The transformation from the tetragonal (t) phase to the monoclinic (m) phase upon 

cooling is accompanied by a substantial increase in volume sufficient to lead to 

catastrophic failure. This transformation is reversible and begins at ∼950 ◦ C on cooling. 

Alloying pure zirconia with stabilizing oxides such as CaO, MgO, Y2 O3 or CeO2 allows 

the retention of the tetragonal structure at room temperature and therefore the control of 

the stress-induced. The three types of zirconia containing ceramic systems used to date in 

dentistry are yttrium cation-doped tetragonal zirconia polycrystals (3Y-TZP), magnesium 

cation-doped partially stabilized zirconia (Mg-PSZ) and zirconia-toughened alumina 

(ZTA). The advantages of zirconia crowns are exceptional strength (have a flexural 

strength of 900-1200 mPa) but a major drawback is its opacity leading to decreased 

esthetics and can lead to greater wear of opposing dentition.8 
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There are many properties with which to judge a manufactured crown that 

determine its “success” including strength, wear resistance, internal fit, margin 

adaptation, anatomic shape, but the one that often stands out the most for the patient in 

terms of esthetics is the color. Color stability is a very important property that determines 

the predictable long-term esthetic success of a crown for the patient. The way in which 

color is evaluated is using a colorimeter or spectrophotometer in order to measure 3 color 

characteristics: the CIELab values. The L* coordinate represents the brightness of an 

object on the y-axis, the a* value represents the red or green chroma (positive or negative 

x-axis), the b* value represents the yellow or blue chroma (positive or negative z-axis) 

which are then used to calculate the color difference or ∆E. The color differences are 

graded from 1 to 5 and are derived from the research findings of ∆E00 and ∆Eab (based 

on the CIE2000 and CIE76 equations) value analysis based on perceptibility threshold 

(PT) and acceptability threshold  (AT). The 50:50% PT refers to a situation in which 50% 

of observers notice a difference in color between 2 objects, whereas the other 50% will 

notice no difference. Analogously, the difference in color that is acceptable for 50% of 

observers corresponds to a 50:50% AT, whereas the other 50% would consider the dental 

restoration to require color correction. AT is more important than PT, as a perfect, non-

perceptible match is rarely required; the opposite is true with the acceptable match, which 

is most frequently required.9 A literature review by Paravina et al. on the perceptibility 

and acceptability thresholds and corresponding recommendations, found that for ∆E00 if 

∆E is >.8 and <1.8 then it is an acceptable match and for ∆Eab if ∆E is >1.2 and <2.7 it is 

an acceptable match even though you may > PT but <AT.10  
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Some studies had been done in order to investigate the color stability of zirconia. 

A study done by Colombo et al. immersed four CAD/CAM restorative materials (Copran 

Zr, Katana Zirconia ML, Metoit Z-CAD, and breCAM HIPC) in staining solutions at 

room temp after exposure to acidic drink and a colorimetric evaluation was performed at 

7, 14, 21, and 28 days. This study found that one-week immersion in acidic drink did not 

cause a perceivable discoloration but subsequent immersion in coffee affected the color 

stability of all zirconia samples to varying degrees but the staining was extrinsic and the 

discoloration could be effectively removed with prophy paste polishing.11 A study one by 

Derafshi et al. compared the color stability of monolithic zirconia and feldspathic 

porcelain after immersion in two different mouthrinses: 0.2% Chlorhexidine digluconate 

(CHG), or Listerine. This study found color changes occurred in the experimental groups 

(ΔE were highest for CHX). The ΔE*ab values were significantly greater in VMK 95 

porcelain compared to cube X2 (both p < 0.001) following immersion in CHX and 

Listerine mouthrinses but the color changes of both materials were within clinically 

acceptable ranges (ΔE < 3.3). Therefore, patients should feel confident using the 

mouthrinses, especially with zirconia crowns and Listerine.12 Zirconia has a high color 

stability with conventional fabrication methods of the materials.  

Additive Manufacturing of Zirconia Methods  

The fabrication of zirconia via additive manufacturing/3D printing is a newer 

technology that is very promising. Zhang et al. and Methani et al. provided  

comprehensive surveys of existing research and discussion regarding the potential 

research in the future behind additive manufacturing of zirconia.13,14 J Schweiger et al. 

reviewed how litholography based ceramic manufacturing (LCM), which is a type of 
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stereolithography/SLA, could be used to manufacture accurate and attractive dental 

restorations.15 Daguano et al. reviewed how robocasting, which is a type of polyjet 3D 

printing, could be used in the production of customized dental prosthesis.16 Revilla-León 

et al described in a literature review all the various methods by which printing could be 

used in the production of printed zirconia such as SLA, polyjet, material extrusion/fused 

deposition modeling, selective laser sintering or selective laser melting, direct energy 

deposition, sheet lamination, and binder jetting. Overall, she said all these methods are 

still in the rough stages of development. All printing methods of zirconia require further 

improvement because there are still various issues regarding the poor geometrical 

accuracy of the product and high porosities due to the post printing sintering process and 

the observed staircase surface effects in printing. Also the different methods of 

manufacturing are hard to compare because there is no comparison of the composition of 

zirconia slurries or mixtures across the different technologies and it is difficult to analyze 

the mechanical properties since the crowns are hard to manufacture without issues to 

begin with.17  In addition to the studies that showed how additive manufacturing can be 

used for zirconia, there are studies that looked into the dimensional accuracy, mechanical 

properties, and surface quality of 3D printed zirconia crowns versus their conventionally 

milled counterparts.  

Additive Manufacturing of Zirconia Accuracy  

Wang et al. evaluated the trueness of zirconia crowns fabricated by 3D printing 

versus milling and found the trueness of the external surface, intaglio surface, marginal 

area, and intaglio occlusal surface of the 3D printed crowns were no worse than the 

corresponding trueness of milled crowns.18 Ioannidis et al. evaluated the accuracy of 
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occlusal veneers via conventional milling of zirconia, printing zirconia and heat pressed 

lithium disilicate. They found that the printed zirconia occlusal veneers had similar 

marginal adaptation and production accuracy to traditional methods. The marginal 

adaptation of the printed zirconia to the milled zirconia occlusal veneers was 95 µm and 

65 µm respectively while the production accuracy of the printed zirconia to the heat 

pressed lithium disilicate was 26 µm and 29 µm respectively.19 Even though these studies 

indicated there is a high dimensional accuracy of printing zirconia, not all the studies on 

the accuracy of printing zirconia are in agreement. Revilla-León et al. evaluated the 

marginal and internal discrepancies of milled and printed zirconia crowns via silicone 

replica technique and found the printed group had clinically unacceptable marginal and 

internal crown discrepancies when compared to milled crowns.20 Another study by 

Revilla-León et al. measured the manufacturing accuracy and volumetric changes of 

printed zirconia specimens with porosities of 0%, 20% and 40% and found the 40% 

porosity group exhibited the highest manufacturing accuracy and the lowest 

manufacturing volume change followed by the 20% porosity and the 0% porosity 

indicating an uneven manufacturing volume change in the x-, y-, and z-axis observed.21 

This further highlights the technical difficulties associated with printing zirconia. 

Additive Manufacturing of Zirconia Mechanical Properties  

Suominen et al. evaluated the mechanical properties of 3D printed zirconia using 

the 3-point bend test and surface microhardness test in the vertical and horizontal aspect 

and what they found was 3D printed zirconia has challenges in regards to layer 

integration leading to low mechanical strength.22 The low mechanical strength of printed 

zirconia was also confirmed by another study published by Marsico et al. that evaluated 
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hardness and strength of printed zirconia crowns using different build directions and 

found fractures frequently initiated at layer lines and related defects in all orientations.23 

Just like the dimensional accuracy studies, even though many studies indicate weak 

mechanical properties of printed zirconia due to layer integration there are some studies 

in disagreement. Zandinejad et al. compared the fracture resistance of implant supported 

milled zirconia, milled lithium disilicate, and printed zirconia crowns which found the 

printed zirconia crowns demonstrated similar fracture resistance to milled ceramic 

crowns when cemented to implant supported zirconia abutments.24 The differences in 

results between the studies highlights differences in the raw materials used, the 

technology used in printing, and methods used for testing physical properties. 

Additive Manufacturing of Zirconia Surface Roughness  

Osman et al. evaluated the dimensional accuracy, surface topography and 

mechanical properties of printed zirconia implant and discs. He concluded that through 

biaxial flexure test and scanning electron microscopy analysis, x ray diffractometer and 

confocal microcopy that while the 3D printed zirconia dental implants have sufficient 

dimensional accuracy and showed flexural strength close to those of conventionally 

produced ceramics there still needed to be improvement of the microstructure of the 

printed objects. He found there were challenges in the layering technique and sintering 

process of the printed parts leading to microcracks evident on the surface of printed 

implant and representative specimens due to shrinkage of the built-up layered structure 

during the sintering process. Also, there were large porosities (some of which were 

deeply connected within the structure of the material) which may have been due to 

possible evaporation of the solvent in the polymer leaded printed ceramic slurry on the 
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exposed surface during the printing and before the next layer is added which may have 

led to differential shrinkage upon sintering and therefore the cracking and porosities 

observed.25 These porosities were also observed in a study by Branco et al. which studied 

the density, crystalline structure, morphology/porosity, surface roughness, hardness, 

toughness, wettability and biocompatibility of conventional subtractive manufacturing 

with nanostructured zirconia pieces obtained by robocasting. It was highlighted that there 

was a significantly higher porosity which increased the roughness, hydrophilicity, and 

could cause higher plaque retention.26 In a study done by Triana et al., surface roughness 

was compared between samples of zirconia crowns produced by printing and milling. 

The study found that zirconia restorations produced by milling were significantly 

smoother with an Ra (surface roughness) of 0.3525 ± 0.07301 µm while Ra for the 

printed samples were 1.059 ± 0.4927 µm.27 An important note is a maximum surface 

roughness of Ra = 0.2 µm has been suggested as a threshold value for bacterial retention, 

below this value no further reductions in biofilm were observed while over this value 

biofilm accumulation increased with increasing roughness.28  

Many factors of additive methods in crown fabrication have been studied thus far. 

One factor that hasn’t been researched thoroughly is the color stability of 3D-printed 

crowns versus milled. It is important to study the color stability of printed crowns 

because there is a possibility of higher porosity due to a photocurable resin binder used in 

3D printed materials leading to greater surface roughness which can increase staining.  
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Hypothesis 

Research Hypothesis: There will be a statistically significant difference in ΔE 

observed between the printed and milled zirconia crowns when change in color is tested 

after soaking the manufactured crowns in coffee, chlorhexidine and distilled water.  

Null Hypothesis: There will be no statistically significant difference in ΔE 

observed between the printed and milled zirconia crowns when change in color is tested 

after soaking the manufactured crowns in in coffee, chlorhexidine and distilled water. 

Chapter 2: Materials and Methods 
 
The color stability of the 3D-printed and milled zirconia crowns was evaluated 

and compared in this vitro study. 18 samples were tested as detailed in Table I. 

Specimens’ Preparation 

An articulated dentoform model with removable indexed numbered teeth (M-

PVR-1560, Columbia Dentoform, Lancaster, PA, USA) was used. Tooth preparation of 

the mandibular first molar (#30) was done using a high speed handpiece with water and a 

coarse round end taper diamond (6856.31.012 FG, Brassler, Savannah, GA, USA) with a 

fine round end taper diamond (8856.31.016, Brassler, Savannah, GA, USA). 

Specifications were followed for the tooth preparation for complete coverage crowns 

established by Goodacre et al. as 1.5 mm of occlusal surface reduction, 1 mm of axial 

wall reduction, 1.5 mm chamfer of margin and 6-degree taper.29 This thickness should 

avoid the marginal chipping observed by Li et al. because that study found knife edge 
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crowns are more prone to large margin chipping whether by additive or subtractive 

manufacturing.30  

The dentoform was then scanned using a laboratory desktop scanner (D2000, 

3Shape, Copenhagen, Denmark). A full coverage zirconia crown was designed using a 

dental designer software (3Shape Dental System, 3Shape, Copenhagen, Denmark). The 

design was based on the digital scan of the prepared tooth and the settings suggested by 

Whipmix for 3Shape for the specific zirconia block being used (Vericore ZR Pro, 

WhipMix, Louisville, KY). The settings were 0.06 mm for extra cement, 0.01 mm for 

cement gap, 1.00 mm for distance for margin line, 1.00 mm for wall thickness, 0.20 mm 

for margin line offset, 65 degrees for offset angle, and 0.10 mm for extension offset. This 

design was saved as a standard tessellation language (STL) file, which was imported into 

the 3D-printing and the milling systems.  

For the printed group (n=9), Technology Assessment & Transfer Inc. 

(Millersville, MD) manufactured the zirconia crowns using a digital light processing 3D-

printer (Ember 3D Printer, Autodesk Inc. San Rafael, CA). A mixed suspension of 

sinterable powder and photocurable resin was added to the 3D-printer. The printed crown 

was then sintered in a ceramic oven (Ney Centurion Qex, Dentsply, York, PA). From 

room temperature to about 600 degrees Celsius the crown was heated slowly as the 

photocured resin was completely burned out, then the furnace was increased to the 

sintering temperature of about 1,400 degrees Celsius which caused the parts to shrink to a 

predictable and repeatable amount until full density was achieved for the zirconia crown. 

No post sintering adjustments were made (Figure 1). Since the manufacturing process of 
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printed zirconia crowns is proprietary technology of Technology Assessment & Transfer 

Inc. no other specifications could be obtained.  

For the milled group (n=9), the STL file was imported into the milling software 

for the 5 axis dental milling machine (DWX-51D, Roland DGA, Irvine, CA). For the 

processing of the zirconia block (Vericore ZR Pro, WhipMix, Louisville, KY) The 

zirconia disc was taken out from the milling machine and the crowns separated from the 

block and supports were removed using a high speed handpiece and a fine round end 

taper diamond (8856.31.016, Brassler, Savannah, GA, USA). The presintered crowns 

were placed in a vented sintering tray with 1-2 layers of high purity zirconia beads before 

being placed in the oven (WhipMix Infinity ZR Oven, WhipMix, Louisville, KY) for 10 

hours using the preprogrammed sintering parameters. The oven started at room 

temperature and raised the heat at a rate of 10 degrees Celsius/min until it reached 1,000 

degrees Celsius than then the oven heated 3-5 degrees Celsius/min until it reached 1,5000 

degrees Celsius which it held for 2 hours. Crowns were removed after temperature of the 

oven was below 300 degrees Celsius and allowed to bench cool. No post sintering 

adjustments were made (Figure 2).          
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Figure 1 

 
Figure 1: Printed zirconia samples before staining 

 
 

             Figure 2 

 
Figure 2: Milled zirconia samples before staining 

 

Staining Process 

In a study done by Haralaur et al., the effect of common beverages and 

mouthwash was evaluated on the color stability of lithium disilicate, monolithic zirconia 

and bilayer zirconia. They recorded the CIE L*a*b* measurements before and after 3000 

thermal-cycling and immersion in coloring agents for 7 days. Immersion was done in 
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coffee, tea, and chlorohexidine for 7 days at a controlled temperature of 37 ± 10 ◦C in a 

dark environment to simulate the oral environment with test solutions being changed 

daily and stirred once every 12 hours to maintain the homogeneity of the solution. The 

study found that lithium disilicate exhibited a better color stability than the monolithic 

zirconia and both types of zirconia crowns were significantly altered by coffee while 

lithium disilicate was more affected by tea. This present study followed a similar staining 

protocol without thermal-cycling.31  

The samples from the milled (n = 9) and printed (n = 9) zirconia groups were 

randomly divided into 3 subgroups of 3. Each subgroup was placed in a different staining 

solution (chlorohexidine gluconate 0.12% (CHG) (Paroex, Sunstar G.U.M, Schaumburg, 

IL), instant coffee (Nescafe Classic Coffee, Nestlé, Vevey Vaud, Switzerland) and 

distilled water (control). The coffee staining solution with a concentration of 0.01 g/mL 

was prepared by adding 2.0 g to 200 mL of boiled distilled water based on 

recommendations from Nescafe for a standard cup of coffee. Each crown was immersed 

in 200 mL of test solution kept on a hotplate covered with Parafilm (Parafilm “M” 

Laboratory Film, American National Can, Greeenwich, CT) with a stir bar inside the 

beaker (to maintain the homogeneity of the solution) for 7 days at a controlled 

temperature of 37 degrees Celsius (± 10 degrees Celsius) (Figure 3). The test solutions 

were changed daily. After the immersion period of 7 days, the specimens were removed 

from the testing solution, thoroughly rinsed with distilled water, and blotted dry with 

tissue paper (Figures 6, 7, and 8).   
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Figure 3 

 
Figure 3: Crown samples in solutions of (left to right) chlorohexidine, coffee, and 

distilled water 

Color Measurements 

The color of each specimen was recorded before and after immersion with the 

testing solutions. The Vita Easyshade V spectrophotometer (VITA Easyshade V, VITA 

Zahnfabrik, Bad Sackingen, Germany) was used as the spectrophotometer of choice to 

measure the specimens for this study because a study done by Pusateri et al. evaluated the 

reliability and accuracy of various electronic shade matching instruments including the 

ShadeVision, SpectroShade, Vita Easyshade and ShadeScan showing that the Vita 

Easyshade had a reliability of 96.4% and accuracy of 92.6%.32 The Tooth Single mode on 

the Vita Easyshade V was used to measure the middle buccal one third of each crown 

against a white background (Figure 4). A colorless acrylic resin device was fabricated 

similarly as previously described by Peterson et al. to securely mount and allow each 

reading to be recorded from the same area on each specimen and allowing that middle 

buccal one third area to only be visible to the spectrophotometer.33 The base and the 
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cover of the acrylic resin device were made from colorless light polymerized urethane 

dimethacrylate (Triad TruTray, Dentsply, York, PA) while the pins securing the back and 

front acrylic resin pieces were made from Pindex Dual Pins (Coltene Whaledent Inc., 

Cuyahoga Falls, OH) (Figure 5). The colorless acrylic resin device was used for every 

measurement to ensure consistency and to eliminate the acrylic resin device as a potential 

confounding variable. All color measurements were done under the same fluorescent 

lighting conditions at the same time of day to remove the lighting conditions as a 

potential confounding variable. The Vita Easyshade V unit used was sent to the 

manufacturer before measurements began to the ensure the unit was working properly 

and as per manufacturer specifications, the unit was calibrated for white balance between 

each reading using the calibration block. The color was measured 3 times consecutively 

and the average value from 3 repeated color measurements was considered the color of 

the specimen. Each reading of L*, a*, and b* was read from the LED screen and 

recorded.  To calculate the change in color (ΔE), the following formula set by the 

International Commission on Illumination (CIE) was used:  
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This formula is thought to exhibit better correlation with human perception of 

color differences (95% agreement with visual findings) compared with the CIELab 

formula (75% agreement) as discussed in the CIE Technical Report on Colorimetry.34 

∆L´, ∆C´, and ∆H´, are the variations in lightness, chroma, and hue between two 

specimens compared. SL, SC, and SH are the weighing functions for the lightness, chroma, 

and hue components, respectively. KL, KC, and KH are the parametric factors to be 
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adjusted according to different viewing parameters. RT is the rotation function which 

indicates the interaction between chroma and hue differences in the blue region.              

Figure 4 

 

Figure 4: Vita Easyshade V with crown in acrylic resin device 

Figure 5 

 

Figure 5: Acrylic resin device with cover allowing only middle buccal one third of each 
crown to be measured 



 

 

20 
 

Data Analysis and Statistics  

Two Way ANOVA was used to evaluate the data. The Levene’s test (Table II) 

showed the data satisfied the homogeneity of variance with a P value of .006, indicating a 

parametric test was an appropriate test. 

Chapter 3: Results 

Figure 6 

 

Figure 6: Milled (3 crowns in the background of the photograph) and printed (3 crowns in 
the foreground of the photograph) zirconia crowns after staining in chlorohexidine  

Figure 7 

 

Figure 7: Milled (3 crowns in the background of the photograph) and printed (3 crowns in 
the foreground of the photograph) zirconia crowns after staining in coffee 
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Figure 8 

 

Figure 8: Milled (3 crowns in the background of the photograph) and printed (3 crowns in 
the foreground of the photograph) zirconia crowns after staining in distilled water 

 

The Effect of Different Solutions on the ΔE of Printed and Milled Zirconia Crowns 

Clinical analysis of the crowns (Figures 6, 7 and 8) show that the coffee solution 

caused a much darker staining of the crowns than any other solution while the water and 

chlorohexidine caused the crowns to become lighter in shade compared to how they 

looked originally (Figures 1 and 2). Statistical analysis (Table III) revealed significant 

differences in ΔE based on the different solutions (F= 9.576, P = .003). Pairwise 

comparisons (Table IV) revealed there was no significant difference (P = .336) between 

ΔE of samples soaked in chlorohexidine (mean 4.24, STD ±3.62) versus distilled water 

(mean 6.05, STD ±5.09) and there was no significant difference (P = .066) between ΔE of 

samples soaked in distilled water (mean 6.05, STD ±5.09) versus coffee (mean 8.84, STD 

±7.48). While there was a significant difference (P = .003) between ΔE of samples soaked 

in chlorohexidine (mean 4.24, STD ±3.62) versus coffee (mean 8.84, STD ±7.48). As 

seen in Figure 9, coffee had the largest change in ΔE. 
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The Effect of Fabrication Method on the ΔE of Printed and Milled Zirconia Crowns 

Clinical analysis of the crowns (Figures 6, 7 and 8) showed while the printed 

crowns had more changes in shade (the 3 crowns in the foreground of the images of 

Figures 6, 7 and 8) based on the solution they were soaked in, the shade of the milled 

crowns (the 3 crowns in the background of the images in Figures 6, 7 and 8) was 

relatively unaffected and consistent when compared to how the crowns looked originally 

(Figures 1 and 2). Statistical analysis (Table III) revealed significant differences in ΔE 

based on the fabrication method (F= 119.907, P ≤ .0001). Pairwise comparisons (Table 

V) revealed there was a significant difference (P ≤ .0001) between ΔE of samples milled 

(mean 1.64, STD ±1.12) versus printed (mean 11.11, STD ±3.96). As seen in Figure 10, 

printing had the largest change in ΔE.  

The Effect of the Interactions Between Different Solutions and Fabrication Method on the 
ΔE of Printed and Milled Zirconia Crowns 

Statistical analysis (Table III) revealed a significant interaction between solution 

and fabrication method (F= 4.588, P = .033) was observed. Due to only having two levels 

with regards to fabrication method, post hoc test not performed.  As seen in Figure 11, 

coffee caused the largest change in ΔE (while chlorohexidine had the smallest) for the 

printed and milled zirconia crowns. While the printed crowns had an overall higher 

change in ΔE when compared to milled crowns for all staining solutions.  
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Table I: Descriptive Statistics for ΔE of Printed and Milled Zirconia Crowns in Different 
Staining Solutions  

 
Staining 
Solution 

Fabrication 
Method Mean 

Std. 
Deviation N 

Chlorohexidine Printing 7.45 1.32 3 
Milling 1.03 0.46 3 
Total 4.24 3.62 6 

Distilled Water Printing 10.64 0.70 3 
Milling 1.47 1.03 3 
Total 6.05 5.09 6 

Coffee Printing 15.25 3.80 3 
Milling 2.43 1.49 3 
Total 8.84 7.48 6 

Total Printing 11.11 3.96 9 
Milling 1.64 1.12 9 
Total 6.38 5.63 18 
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Table II: Levene’s Test of Equality of Error Variancesa,b 
 

 
Levene 
Statistic df1 df2 Sig. 

ΔE 
CIE2000 

Based on Mean 5.902 5 12 .006 
Based on Median .672 5 12 .653 

Based on Median and 
with adjusted df 

.672 5 3.581 .671 

Based on trimmed 
mean 

5.023 5 12 .010 
 

Tests the null hypothesis that the error variance of the dependent variable is 
equal across groups.a,b 
a. Dependent variable: ΔE CIE2000 
b. Design: Intercept + Solution + Fabrication + Solution * Fabrication 
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Table III: ANOVA Table 
 
Dependent Variable:   ΔE CIE2000   

Source 

Type III 
Sum of 
Squares df 

Mean 
Square F Sig. 

Corrected Model 498.830a 5 99.766 29.647 .000 
Intercept 732.082 1 732.082 217.549 .000 
Solution 64.448 2 32.224 9.576 .003 
Fabrication 403.502 1 403.502 119.907 .000 
Solution * 
Fabrication 

. 30.881 2 15.440 4.588 .033 

Error 40.382 12 3.365   
Total 1271.294 18    
Corrected Total 539.212 17    
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Table IV: Pairwise Comparisons for Staining Solution 
 
Dependent Variable:   ΔE CIE2000   

(I) 
Staining 
Solution 

(J) 
Staining 
Solution 

Mean 
Differe
nce (I-

J) 
Std. 

Error 
Sig.

b 

95% 
Confidence 
Interval for 
Differenceb 

Lower 
Bound 

Upper 
Bound 

Chlorohe
xidine 

Distilled 
Water 

-1.817 1.05
9 

.336 -4.761 1.127 

Coffee -4.601* 1.05
9 

.003 -7.545 -1.657 

Distilled 
Water 

Chlorohe
xidine 

1.817 1.05
9 

.336 -1.127 4.761 

Coffee -2.784 1.05
9 

.066 -5.728 .160 

Coffee Chlorohe
xidine 

4.601* 1.05
9 

.003 1.657 7.545 

Distilled 
Water 

2.784 1.05
9 

.066 -.160 5.728 

 
 
 
 

Figure 9: The Effect of Different Staining Solutions on ΔE   
 

 
*denotes statistical significance 
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Figure 10: The Effect of Different Fabrication Methods on ΔE 
 

 
*denotes statistical significance 

 

 
 
 
 
 

Table V: Pairwise Comparisons for Milling 
 
Dependent Variable:   ΔE CIE2000   

(I) 
Fabrication 
Method 

(J) 
Fabrication 
Method 

Mean 
Differe
nce (I-

J) 
Std. 

Error Sig.b 

95% Confidence 
Interval for 
Differenceb 

Lower 
Bound 

Upper 
Bound 

Printing Milling 9.469* .865 .000 7.585 11.353 
Milling Printing -9.469* .865 .000 -11.353 -7.585 
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Figure 11: The Effect of Different Fabrication Methods and Staining Solutions on ΔE 

 

*denotes statistical significance 

 

 

 



 

 

29 
 

Chapter 4: Discussion 

Summary of Results 

 Based on the results of this study, the null hypothesis was rejected. There 

was a change in ΔE when milled and printed crowns were soaked in coffee, chlorhexidine 

and distilled water. The ΔE was significantly higher for the printed zirconia crowns 

indicating more of a color change than the milled zirconia crowns. While the coffee 

solution caused the highest change in ΔE observed for both manufacturing groups.  

Interpretation of Results 

The way in which the results of color changes were interpreted was based off of 

the acceptability and perceptibility thresholds in dentistry. A study by Paraniva et al. did 

a literature review on the perceptibility and acceptability thresholds and corresponding 

recommendations, what they found was for ∆E00 if ∆E is >.8 and <1.8 it is an acceptable 

match and for ∆Eab if ∆E is >1.2 and <2.7 it is an acceptable match even though you 

may > PT but <AT.9,10 Based on the previous reports by Paraniva et al., the ΔE (>1.8) 

would not have been clinically acceptable for the printed zirconia crowns, but would have 

been clinically acceptable for the milled zirconia crowns which correlates with earlier 

studies that suggest conventionally milled zirconia crowns have a high color 

stability.35,11,12 

Visually, the printed zirconia crowns appeared darker when soaked in coffee 

which is possibly due to the porosities leading to increased surface roughness which 

accumulates stain and is supported by previous studies.25-28,37,38 The printed zirconia 

crowns appeared lighter when soaked in distilled water and chlorohexidine. This suggests 

that these crowns may leach materials upon soaking in water and chlorhexidine. There 
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was little color change of the milled crowns before and after soaking. These results 

indicate that the surfaces of zirconia produced by additive manufacturing are more prone 

color change than milled surfaces. 

Printing and Surface Roughness 

As stated earlier in the introduction there have been many studies that evaluated 

the surface of printed zirconia, supporting the assumption that the printed surfaces have a 

higher porosity and therefore higher surface roughness. Osman et al. found large 

porosities in printed zirconia which he theorized may have been due to possible 

evaporation of the solvent in the slurry on the exposed surface during the printing and 

before the next layer is added which may have led to differential shrinkage upon sintering 

and therefore the cracking and porosities observed.25 Branco et al. also confirmed the 

high porosity in nanostructured zirconia pieces obtained by robocasting which he stated 

increased roughness, hydrophilicity, and could cause higher plaque retention. 26 Triana et 

al. found the Ra for the printed samples were 1.059 ± 0.4927 µm when studying the 

surface roughness of printed and milled zirconia crowns, which greatly exceeds the 

recommended maximum surface roughness of Ra = 0.2 µm after which bacterial biofilm 

accumulation increases.27,28 

Surface Roughness and Staining 

It has been well established that higher surface roughness is correlated with 

increased plaque due to increased difficulty to remove a bacterial biofilm by mechanical 

brushing because a rough surface increases the surface area available for colonization and 

crevices created by the roughness generates shelters allowing bacteria to secure their 

attachment to the pellicle.36 This roughness can also be associated with a materials aging 
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affecting the color stability of restorations. Some studies have been done to evaluate the 

relationship between roughness and color stability of ceramics. In a study by Motro et al., 

the stainability of ceramics exposed to coffee after different surface treatments was 

evaluated and what was found was there was an 83% positively significant relationship 

between Ra and ∆E.37 In a study done by Yilmaz et al., the visual and colorimetric color 

stability of two ultra low-fusing and three conventional low-fusing porcelains on both 

glazed and polished surfaces was evaluated and concluded that the glazed specimens 

(which have a smoother surface roughness) showed a better color stability, although the 

staining observed in the polished specimens was not clinically noticeable.38 

Future Research  

There are many potential benefits of producing ceramic restorations by additive 

manufacturing such as conserving more material which reduces the environmental impact 

and cost, virtually unlimited ability to design complex structures in one fabrication cycle, 

easy to use, and can customize what colors/materials are being used in specific areas of 

the print. Unfortunately, the present study shows that the process is limited in its ability 

to produce a restoration with adequate color stability. When comparing a printed 

restoration to that of a milled restoration, there may be microcracks and large porosities 

evident causing greater surface roughness in printed restorations which over time can 

lead to a change in color and the necessity of prematurely replacing a restoration due to 

an esthetic failure. Some research has been published on the optimization of the 

parameters of the additive manufacturing process such as that of Ji et al. which studied 

sintering conditions via thermogravimetry-differential thermal analysis and Conti et al. 

which studied the necessary applied exposure energy and layer thickness effect on 
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accuracy.39-40 But more studies are still needed on the printable powder composition or 

performing extra densification steps to achieve better structure of the printed material 

while keeping the biological behavior unchanged. Another factor that was not tested in 

this study, was if aging the printed and milled zirconia crowns made a difference in their 

color stability. In order to test this other hypothesis, it would be recommended to thermal-

cycle the crown samples and should be addressed in future studies.  

Limitations of Study  

The primary limitation of this study was the small sample size (only 18 samples 

were tested, 9 printed and 9 milled zirconia crowns). Although this sample size met 

power requirements, the small sample size did not allow a post hoc test to be performed 

which would have better demonstrated the statistical interaction between the fabrication 

method and solution type on the different crown samples. Another limitation is not being 

able to fully simulate the oral environment because even though the crowns in this study 

were kept in solution at mouth temperature, the oral cavity is exposed to multiple factors 

(such as different foods, drinks, etc.) throughout the day for short spans of time which are 

constantly changing the temperature, pH, and moistness of the oral cavity.  
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Chapter 5:  Conclusion  
 

In this study, a significant color change was found in the amount of color change 

(ΔE) depending on the type of manufacturing method (printing or milling zirconia 

crowns) and the type of solution the crown samples were soaked in. The printed zirconia 

crowns were affected most by the staining solutions (and would not have been clinically 

acceptable) while both the printed and milled crowns were both affected more by the 

coffee solution more than any other staining solution.  
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