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ABSTRACT 

Additive Manufacturing (AM) as a processing technique is now enabling tailored material and 
structure optimization due to its capability for forming complex materials and geometries, material 
phases that can be at resolution levels of hundreds of microns. Fundamental to this is digital design 
that defines the associated material, complex geometries, and their translation in printer hardware 
during build. Voxel digital designs (similar to a pixel representing colors in a digital image) in 
PolyJet printing define and build composite parts with a wide range of mechanical properties, 
material phases and geometries. Voxel digital designs enable to define material at each voxel level. 
However, compatibility and correct translation between multi-material voxel digital design and 
3D printing hardware is required. This paper investigates print quality of designed part 
configurations (complex shapes, associated materials for geometrical regions) defined via voxel 
digital designs to understand the correlation between voxel digital designs and AM hardware. 
Demonstrative AM part configurations with complex material and geometries (using 
representative geometrical shapes such as circular, gear, elliptical, diamond, hexagonal, etc., as 
test cases), were digitally designed using voxel printing. Success of additive manufacturing relies 
on such digital designs being translated correctly without any artifacts by printer hardware. To 
carefully understand the correlations, Vero White (Hard) material and Tango Black (Soft) material 
were used to define different materials regions of complex geometries, and built with a PolyJet 
AM system. Final printed part of each voxel digital design was analyzed. Results indicate that 
success of printing from our voxel digital designs depended on the hardware factors such as print 
resolution in different directions of 3D builds, which affected the final geometry and material 
configurations.  Printing hardware factors can be overcome by redefining voxel digital design for 
printing purpose only. Careful understanding of digital design translation to printer hardware 
factors provide means to develop effective digital design software solutions. Details of our 
software solutions with voxel digital designs to obtain desired part quality and correct geometries 
during AM, without translational digital technology (DT) to hardware technology (HT) 
translational factors will be discussed and presented.   
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1. INTRODUCTION 
Additive manufacturing (AM) is forming objects by addition of material layer by layer. AM allows 
to create high detailed complex shapes, part consolidation, and custom geometry that are difficult 
with conventional part production such as machining and injection molding[8-doubrovski]. AM 
has been used by designers for prototyping however the demand has increased rapidly since prices 
of AM devices are decreased, more effective-engineered materials can be created, and final printed 
part quality has been improved. These developments lead to increasing number of applications of 
AM to process end-used products [1]. Powder based binder jetting was the first AM method 
presented for fabrication of objects and scientific visualization [2]. This method enables the digital 
fabrication with desired colored and texture with high accuracy and resolution. In this approach, 
the color or material description was used as a parameter for encoding of information on an object’s 
surface, and the digital design must be given as closed triangle mesh with associated texture or 
vertex attributes [3]. Therefore, general geometry description must be converted to boundary 
representations through a tessellation process, which may lead to partial loss of the design or 
alteration of data set. Later, selective laser sintering (SLS) was presented. SLS uses a laser as the 
power source to sinter powdered material layer by layer was introduced to form complex 
geometries as a solid object. This method has capability of printing complex geometries without 
support scaffolds, which enables forming intricate object. However, the processing approach of 
this method does not enable printing more than one material. PolyJet 3-D printers has capability 
of printing multiple materials with different mechanical properties. This method, also, enables 
printing complex hierarchical structures with high resolution (14 micron layer thickness). PolyJet 
3D printing technology provides fabrication of 3D objects with heterogeneous compositions with 
capability of printing materials with different mechanical properties simultaneously [4]. The 
capability of creating structure with material property variations allows engineering the part 
composition that can be formed with specific functionality such as combination of hard and soft 
material can form complex objects with various mechanical properties [5–7]. 

Moreover, AM generally uses Stereolithography (STL) files that conduct tessellated data to define 
the digital design of geometry [8]. Tessellation of designed geometry may lead loss of spatial 
information since it is triangular discretization of each geometric surface. During AM process, 
each surface is considered a solid object that represents a single material since STL file has only 
surface information. Therefore, sub-models are required to be created and then assembled to print 
multi-material parts [8]. These limitations show the need of improvement 3D printing workflow.  

In contrast to the methods described above another approach was presented to print multi-material 
parts through voxel printing [9]. Since PolyJet printing technology has capability of multiple 
materials simultaneously, voxel printing can be employed to print multi-material parts. Voxel is 
an extruded model of 2D pixel. Each voxel can represent specific material information as each 
pixel can represent different color code in a digital image. High level of spatial and material control 
in fabrication can be obtained by slicing and creating a set of layers with specific thickness in a 
bitmap raster file format and stacked them into a voxel matrix to build 3D object. Each pixel of 
raster file format defines the individual material information of a droplet and its spatial placement. 
However, compatibility and correct translation from multi-material voxel digital design to 3D 
printing hardware required. This paper focuses the print quality of designed part configurations 
defined via voxel designs to understand the correlation between voxel digital design. To 
investigate this correlation, printed part quality of designed part configurations such as complex 



shapes and defined materials for geometrical regions are inspected. Multi-material parts with 
circular shape inclusions, gear shape inclusions, elliptical shape inclusions, diamond shape 
inclusions, and hexagonal shape inclusions were digitally designed using voxel printing. Vero 
White (Hard) material and Tango Black (Soft) material are used as inclusion and outer region 
materials. Final printed part quality of each voxel digital design analyzed, and incompatibility is 
observed since hardware resolution was not meet with the digital design. This defect was 
eliminated by redefining the voxel digital design for voxel printing purpose but not for representing 
final printed part design. 

2. EXPERIMENTATION 
2.1 Experimental Set-up 
Voxel is an extruded model of a pixel. Therefore, each voxel can represent specific color and 
material information with different mechanical properties as each pixel defines different color code 
in a 2D digital image. Combining and composing of voxels lead to various range of material 
properties to create complex materials. A workflow is presented and applied to print complex 
shaped multi-material parts in this research. Figure 1 represents the workflow of voxel printing 
used.  

 

Figure 1. Flowchart of Voxel Digital Printing for Multi-Material Design 

Using the flowchart above, the following design of experiments was prepared to inspect the 
correlation between voxel digital design and 3D printer with respect to print quality. Design of 
sub-assembled CAD geometry was prepared with representative geometrical shapes such as 
diamond, gear, horizontal and vertical elliptical, pentagonal, star shape to demonstrate AM part 
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configurations with complex material and geometries. Vero White (VW) (Hard) material used in 
surrounding region and Tango Black Plus (TB+) (Soft) material used in inclusion region in 
representative sub-assemblies to define individual material regions. Inclusion shape assignment of 
this test part employed are designed as follows:  

Case 1) Dimond inclusion, Case 2) Gear Inclusion, Case 3) Horizontal Elliptical inclusion, Case 
4) Vertical Elliptical inclusion, Case 5) Pentagonal inclusion, Case 6) Star Shape inclusion. 

All cases were designed as sub-assemblies and printed with voxel digital design printing. CAD 
model of the representative part configurations were designed using SOLIDWORKS® 2018. 
Desired test part dimensions are 17x17x3.5 mm in all x-, y-, and z- directions. All inclusions were 
designed to fit in a circle with 6 mm diameter as sub-modals and represented second material 
region. These designed test parts with multi-material regions for all cases are shown in figure 2. 

 

Figure 2. Sub-assemblies of multi-material test parts 

CAD geometry of test part configurations are shown in figure 2. as diamond inclusion, gear 
inclusion, horizontal elliptical inclusion, vertical elliptical inclusion, pentagonal inclusion, and star 
shape inclusion, respectively. These assembled CAD geometries sliced and rasterized in Autodesk 
NETFABB software in z-direction. Each slice were exported as PNG file extension with 600 dpi 
resolution that is higher resolution of PolyJet system in x-direction. The resolution of created 
images for each slice was 402x402 pixels. Single layer thickness was 27 microns to print the parts 
with high mix mode of PolyJet 3D printer. Therefore, 130 slices were exported which equals 3.5 
mm thickness of digital assembled CAD geometry. Then, image processing is applied to each PNG 
files that represents each layer of digital file to define different color information and separate 
material information in digital voxel printing file. Image processing is conducted by a MATLAB 
code that developed for material separation of voxel printing. Figure 3. represents the workflow of 
image processing of each slices. 
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Figure 3. Image process workflow 

There was only interface region information is captured during rasterization as shown in figure 3-
a. Then, different RGB color code is defined at the regions that different material is associated. 
The effect of this new image processing for voxel printing is discussed with observation on printed 
parts in results section. 

3. RESULTS 
The final printed part from the digital designs was inspected. The printed part quality was not as 
expected. Dimensions of the printed part in x- and y- directions were not same although they were 
designed as same length. Moreover, sample with gear inclusion (case 2) showed different 
concentration of color for each inclusion geometry in same sample. Printed part configurations are 
shown in figure 4. 

 

Figure 4. Printed parts from voxel printed parts 

The reason of this variation in x and y direction is because of the difference of hardware 3D printer 
resolution in x and y direction. Since, PolyJet 3D printer have 300 dpi in y direction and 600 dpi 
in x direction for voxel printing and the 3D digital CAD file was rasterized in 600 dpi considering 
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the STL file printing resolution of PolyJet 3D printer, these two times large variation in y direction 
were resulted. To eliminate this resolution error, CAD geometry of all test part were modified with 
reducing the dimension of every parameter to half in y direction. Moreover, some part designs 
were changed drastically to receive the desired final printed part. Modified CAD geometries of 
each test part configurations for AM voxel printing is shown in figure 5. 

 

Figure 5. Modified CAD geometries of each test part configurations for AM Voxel printing 

As shown in figure 4-b gear inclusion same defects and print quality was not as expected since the 
concentration of TB+ material was not identical for each inclusion in the final printed part. After 
analysis of each raster image slice, it is found that rasterization error is occurred in some inner 
slices. Since rasterization errors in inner slices it is hard to capture in digital imaging. Therefore, 
the developed MATLAB code was modified to eliminate these rasterization errors. Images of a 
slices with error and after modification with new MATLAB code were given in figure 6. 

 

Figure 6-a. Slice with rasterization error, b. Error is eliminated, c. Printed part after error 
elimination 

After CAD modification and MATLAB code modification of image processing for each slice, the 
printer parts were successful and print quality was as it was expected. Therefore, it is concluded 
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that a digital software solution such as modification of CAD geometry design for only the purpose 
of voxel printing, but not for the part geometry is solution for voxel digital printing. Final printed 
part configurations are shown in figure 7. 

 

Figure 7. Final multi-material printed part configurations with expected part quality. 

4. CONCLUSIONS 
In this research the focus was to understand the correlation between the voxel digital design and 
the 3D printing hardware for multi-material part printing. To carefully understand the correlations, 
Vero White (Hard) material and Tango Black (Soft) material were used to define different 
materials regions of complex geometries, and built with a PolyJet AM system. Quality of each 
printed multi-material parts was analyzed. Initial printed part comes with the defect of resolution 
difference of hardware in x and y direction. A practical solution was proposed to solve this issue 
by reducing the dimensions in y direction to half. The digital rasterization error was captured and 
solved by modifying image processing code. Results show that successful printing with the voxel 
designs are highly depend on 3D printer hardware that effects final print quality of multi-material 
printed part. Printing hardware factors can be overcome by redefining voxel digital design for 
printing purpose only. Understanding of digital design translation to hardware is very crucial to 
improve the print quality by redefining the design and development of software. 
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