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1   ABSTRACT  

The use of additive manufacturing as a construction method is becoming more widespread across 
various design fields. As a large-scale form of additive manufacturing, 3D concrete printing involves 
pushing concrete through a nozzle onto a printing bed to building layers. The process produces 
three-dimensional solid objects from a digital design file. There is very little loss in the construction 
process providing benefits in cost, time, safety, and environmental impact. Additionally, the lack of 
formwork creates boundless possibilities for shapes. Fluid and even parametric forms, which 
formerly required multiple, complex, and costly steps to generate, can be created in a single 
process. Through a design prototype documentation process, this study explores the potential for 
3D Concrete Printing in landscape architecture. The authors worked with Pikus 3D, one of the first 
companies in the U.S. providing 3D printing services, to document the design, refinement, and 
printing process of two benches. The study results indicate that 3D concrete printing has great 
potential for future use. However, each printer has unique limitations including angle, turning radii, 
layer height, and texture. Some limitations, such as durability, are still not fully understood and will 
require future research. However, as a process, the study reveals that a designer with basic 
modeling knowledge could work with a 3D printing company to create a unique object in an 
extremely short timeframe. While the first bench took several weeks of back and forth to refine, the 
second was conceptualized, modeled, refined, and printed in a single day.   
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2 INTRODUCTION  
 
Concrete is widely used as a construction material (Bos et al., 2016), however cast concrete 

structures are limited in form and design flexibility. Cast construction techniques require formwork and 
intensive labor to create desired forms (Asprone et al., 2018b). Three-dimensional concrete printing (3DCP) 
is being studied by the construction industry and academic institutions as a viable alternative to current 
construction techniques. The advent of 3D printing allows for cementitious material production in ways yet 
to be realized. It offers promising possibilities for the future of concrete structures including walls, benches, 
and other site features, which has the potential to significantly change design and construction processes. 
Three-dimensional concrete printing is a form of additive manufacturing in which a computer is used to 
design, model, and print an object. (Asprone et al., 2018a). Concrete is layered one on top of the other 
without extensive labor and formwork (Bos et al., 2016; Panda et al., 2017; Wolfs et al., 2019). Various 
building and civil engineering applications have already utilized this construction method. However, it is an 
emerging technology that requires research to understand its full potential for structural integrity, longevity, 
variation in form, and general design process. During the past ten years, the development of 3DCP has 
made significant improvements which have allowed for a better understanding of its potential in architecture 
and civil engineering.   

In 2020 faculty and students at Mississippi State University designed the first 3D printed objects to 
be used in landscape architecture with Pikus 3D’s rapid printing technology. As documented in an article in 
Landscape Architecture Magazine (Rae, 2021), the process was unique in that it showed how quickly 
designs could be refined and implemented using parametric modeling tools. With the ability to print a 6’ tall 
object in a matter of minutes, the technology allows for rapid printing, testing and refinement with full-scale 
objects. This study attempts to more fully document a back-and-forth process with a designer and the 
manufacturer to better understand the limitations and potential of the technology for landscape architects.    
  
3 BACKGROUND  

 
Layered production, generally known as 3D Printing, was invented in 1983 by Chuck Hull, an 

American engineer. It is an additive manufacturing procedure for creating three-dimensional solid objects 
from a digital file. There are various types of materials such as hard plastic, metal, carbon fiber, concrete 
as well as other materials used to generate an object (Goldberg, 2003). There are three main types of 
printing: Contour Crafting, Concrete Printing, and D-shape. These types are divided into extrusion-based 
methods and power-based methods. 3D Concrete Printing is based on the extrusion of cement mortar in a 
layer-by-layer procedure. Printing could be performed without using labor-intensive formwork, allowing 
functional voids to be incorporated into the structure (Lim et al., 2011).  

Three-dimensional concrete printing is based on the extrusion of cement mortar in a layer-by-layer 
procedure. Printing can be performed without using labor-intensive formwork, allowing functional voids to 
be incorporated into the structure. (Lim et al., 2011). Since there are no trowels to smooth the concrete, a 
small depositing resolution is required to obtain higher levels of print resolution resulting in greater control 
over internal and external geometries (Lim 2012).  

Concrete printing produces a distinctive ribbed finish through post-processing, which can be 
controlled and manipulated to maximize its effects. However, if a smooth finish is required, the wet material 
can be troweled during construction, or the printed finish can be ground to a smooth surface. Since this 
step has not yet been automated, it must be completed manually (Lim 2012). The bonding between 
filaments and layers in concrete affects the hardening properties of the components, as noted by Le and 
Austin (2012). A low shrinkage factor is also essential as freeform components are manufactured without 
formwork, which would result in faster evaporation of water in the concrete, causing cracking. (Le & Austin 
2012). The deficiencies of substandard building materials have led to the development of a new 
'cementitious' material with high strength, approximately three times that of conventional concrete, to 
overcome the weaker structure of layered components (Lim et al., 2011). Concrete printers currently exist 
in three types, gantry, robotic arm, and crane. While the last two have been adapted to on-site printing, a 
gantry system is the most common, is most often used in a factory setting, and can move in the X, Y, and 
Z directions. This machine has the advantage of its height, is easily adjustable, and can print both large 
and small objects.   

The structural performance of printed elements can be affected by several factors during the 
printing process. Most studies mention the time interval between printing two filaments as one of the most 
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significant parameters. The strength decreases with increasing intervals of time as a result of decreasing 
bond strength of the interface and an increasing number of air voids at the interface. (Le et al., 2012b; Wolf 
et al., 2019). The speed of a 3DCP machine is typically expressed in millimeters per second. To achieve 
good concrete filament deposition, the speed needs to be adjusted precisely. According to the pump speed, 
the speed of printing should be determined. Le et al. (2012) recommended finding a balance between the 
print speed of the nozzle and the pump speed if the pump speed is operated separately from the printer. 
Moreover, the object geometry has no direct impact on the mechanical properties of the material, however, 
for the nozzle geometry, it could be critical to account for sudden changes in print directions. Also, the 
vertical position of the nozzle with respect to the initial layer is of importance for the strength properties of 
the interface (Wolfs et al., 2019). The nozzle standoff distance can influence interface strength properties 
and surface quality, i.e., surface roughness (Panda et al., 2018).   

Nozzle geometry and cross sections vary in shape and size. Vertical extrusion refers to filament 
extrusion from the bottom of the nozzle, while horizontal extrusion refers to a printing process in which 
filament is extruded horizontally at the back of the nozzle. There is also an option to combine the two, where 
the critical parameter would be the angle of the deposited material (Jansen, K, 2020).  

Besides a few novelty projects and the small garden effort described at Galloway Elementary in 
Jackson, MS (Rae, 2021) there are no significant or even noteworthy landscape architecture focused 
projects in the U.S. that have utilized 3DCP as a primary construction technique. The tool is capable of 
creating mathematically driven forms that appear in the works of cutting-edge site designers without the 
laborious processes required through subtractive construction techniques. However, while there is a range 
of literature on the technology in academic settings, each manufacturer uses a proprietary process and 
secret mixture of concrete that is otherwise untested for strength, longevity, and sustainability.  
  
4 METHODOLOGIES  

 
With such a new technology that is completely untested in traditional landscape architectural 

practice, it was important for this to study document exactly how a designer would work back and forth with 
a 3D printing company and develop a solution for a site design element. Prototype design documentation 
allowed the researcher to document the design process as a method of gathering all the variables of the 
design process as well as the nuances of communication required for a landscape architect to engage a 
3D printing company in the process effectively.   

Design documentation describes the whole process of building the product, and it is a collection of 
documents and resources covering all aspects of the product design (Dairo, 2019). In this study, the 
researcher used the design documentation method within a specific workflow (Figure 1) to identify and 
analyze the possibilities and limitations of the 3DCP in the design process and the subtleties of 
communication required to successfully engage a 3D printing company in a project design. For this 
exercise, two benches were designed using Rhino software according to the limitations of the 3D concrete 
printer. It was necessary for a 3D model imported into slicing software to be transformed into G-code that 
the printer could follow. The bench was printed by the manufacturer to check for errors, and the process 
was repeated with a second bench after uncovering the limitations of the printer with the first bench. In this 
process, Kirby Lockard, a designer for Pikus 3D, based in Salt Lake City, worked with the researcher to 
print the benches that adhered to the printer’s requirements. Observations and conclusions were limited to 
the design process.    
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Figure 1. Work-flow diagram between designer and 3D Concrete Printing manufacturer (2020). 

Diagram by the Authors.  
  
5 RESULTS  

 
The following steps were documented through the design process of two benches. Issues were 

observed through visual analysis of the model or final print. Solutions were developed through a 
collaborative process between the designer and the 3DC Printing Manufacturer.  
  
5.1 First Bench Design Documentation  
Step 1: Information Gathering  

The designer shared the idea of creating a 1’6” x 1’6” x 6’ long bench with a printer. After reviewing 
the Pikus’ brochure for limitations of its printer, which included turning radii, layer slopes, layer heights, and 
basic surface pattern options, the designer asked the following questions before beginning the design 
(Lockard, 2020).  
  

What type of concrete 3D Printer do you use at Pikus?   
“Our printer is on a Gantry system which means it moves pretty similarly to a CNC 

Router or some of the most typical plastic 3D printers where the build plate remains 
stationary. Our build area is approximately (5m x, 4my, 3.9m z). We Print on a custom 
conveyor system to roll the completed prints down the line after the build area is filled.”  

  
Which software do you recommend modeling the bench in?   

“I 100% recommend Rhino and Grasshopper. We slice out of grasshopper, so the 
objects must be imported to Rhino eventually, and some programs do not export perfect 
geometry to Rhino. It can be done, but there may be unique ways you need to export, or 
there could be issues that seem to come out of nowhere. I have begun to use Blender for 
models that need more organic sculpting, but again I must export it to Rhino later.”  

  
Is there anything else you want to add that can be helpful for the start of the design process?   

“A strategy I would recommend would be focusing on designing in section. You can 
also look at it as designing the actual tool path that the printer head will follow as it deposits 
material. If you can draw serial sections of what you are thinking, you can then loft those 
sections to create your surface. I often sketch the sections of key areas to start working on 
the needs of a design (Seat height, backrest, toe kick) into the overall form of the design. 
Think of the printing constraints (especially slopes) and how they might influence the 
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orientation of your part during Printing. Maybe you need to print something on its side or 
upside down to overcome the constraints.   

If a design is not infilled or structured differently, you may need to adjust the form 
to support critical areas. For example, you may need an arch underneath a horizontal flat 
face to support the weight being added to it. Prints do not need to be straight extrusions of 
a profile. They do not even have to be flat on the top layer. I am sure there will be some 
other helpful hints that come up as you work on your design.”  

  
Step 2: Conceptual Design and Sketching  

With testing the limits of the printer in mind and uncovering issues, a folded plane concept was 
developed for the first bench design (Figure 2). After an initial sketch was developed, a review call with 
Pikus was set up to review the design and make adjustments before modeling.  Then a video call was 
arranged in which the designer demonstrated some of the 3DC printed objects produced by Pikus 3D, and 
she added that the company would be limited to a single color per print in the foreseeable future. In addition, 
she indicated that there should be some degree of color fade-in and fade-out.  
However, this will be a gradual transition rather than an on/off option, and the standard multi-color/CMYK 
value method mentioned by her will remain in development for quite some time.   
The discussion with the printer revealed a general understanding of how forms may be printed in the 
company.  

  
Figure 2. Conceptual sketch of the folded plane bench (2020). Illustration by the authors.  

  
Step 3: Three-Dimensional Modeling  

As a result of the printer’s recommendation, Rhino 3D modeling software was chosen to model the 
design process. Rhino 3D is a powerful digital modeling software used in various applications such as 
Computer-Aided Design (CAD), 3D Printing (3DP), Rapid Prototyping, Computer-Aided Manufacturing 
(CAM), and reverse engineering, including architecture, product design, industrial design, multimedia, and 
graphic design (Novedge, n, d). In addition to the printer comments, the designer considered two points 
before starting modeling in Rhino (Evans, 2014).  
  

Units and Tolerances   
“Before beginning the modeling process, the correct tolerances should be set by identifying the 
tolerance of the program the model will be exported to and setting the rhino tolerance at ten times 
that tolerance. It is possible to set the Rhino file tolerance in the document properties window, units 
tab. While exporting a model from Rhino, the units are almost always read as millimeters, so it is 
best to set the units to millimeters before exporting the file for printing.”  

  
Checking the 3D Model   
“The 3D model must be watertight for successful 3D printing, i.e., if the model were dropped into a 
bath, no water would leak inside. For a model to be watertight, it must be constructed from a closed 
polysurface. The most common reason why a model becomes unprintable is the presence of bad 
objects and naked edges.”  
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The initial bench model was generated in Rhino, starting with the bench sections, and then 
completed with the maximum slope of 30 degrees from the vertical axis and the thickness of 35mm (Figure 
2).  

  
Step 4: Revising  
A second feedback call with the printer revealed ten critical issues that needed to be resolved before the 
final revision (Figure 3). While it is not possible to delve into each issue in this paper, the major issues 
resulted from the design being a single plane object with overhanging angles and sharp corners. Each of 
the summarized issues resulted in a design modification in the final model.   
  
Issue 1: The print cannot be made at an angle.   
Solution: Place the bench on a fabricated angled base (pallet).  

  
Issue 2: The bench slopes (freestanding edges) should not exceed 30 degrees from the horizontal axis.   
Solution: Decreasing the angle of all slopes from 60 to 30 degrees.   
  
Issue 3: The extreme base angle could not be printed.   
Solution: Decreasing the base angle from 30 degrees to 15 degrees.   
  
Issue 4: The overhangs of the sloped surfaces were not printable.   
Solution: Fixing the angles and dimensions of the bench to minimize overhang angles.   
  
Issue 5. The need for supporting a horizontal surface.   
Solution: Breaking the bench into smaller parts and adjust which side of the object touched the pallet.   
  
Issue 6. The 90-degree corners were not following the printer’s nozzle shape.   
Solution: Chang the 90-degree angles to be rounded at the corners.   
  
Issue 7: The layer should not be less than 35 mm in width.   
Solution: Changing the thickness of the bench to 35mm to be suitable for printing.  

  
Issue 8: Positioning the first layer of the bench on the pallet.   
Solution: Placing the entire first layer of the bench on the pallet.   
  
Issue 9: Losing the resolution of the printing.   
Solution: Getting rid of excess thickness at the end of the top layer.  
  
Issue 10: The last horizontal layer of the bench should not differ in thickness.   
Solution: For each bench module, all horizontal layers must have the same thickness, which was set to 
10mm to be the same as the slicing software settings.  
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Figure 3. Issues and refinement solutions of the first bench (2020). Illustrations by the authors.  
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Step 5: Final Design  
The final model incorporated the multiple design revisions required for the printer to create the 

object. At the end of the process, the plan was to print the bench in self-supporting sections that could be 
pieced back together at the end of the process. The process illustrates that the printer needs to respond to 
basic forces, and it has limitations that have to be considered.   
  
Step 6: Slicing  

A slicer program converts a 3D model (usually in STL or AMF format) into G-code that a printer 
could follow. By intersecting the input model with parallel lines evenly spaced, two-dimensional domains 
could be generated. This two-dimensional domain is then stacked on top of each other in order to represent 
the full model. Every plane is then broken down into a series of linear movements which will result in the 
desired object profile. The slicing software is a critical part of the 3D printing process as it creates the G 
code directions for the printer to follow. It allows the user to specify their printing preferences, such as a 
slower print speed for more aesthetic parts or a higher infill density for stronger products (Additive-x, 2016; 
Evans, 2014)   

After sending the final design Rhino file of the bench to the printer, the designer was asked to create 
a hollow mesh shell from the bench that would be the path of the nozzle used to print the bench in the 
slicing program.   

The printer mentioned in this step that they have a proprietary slicing tool compatible with their 
printer. However, before sending the final version of the bench file to the designer for the slicing step, it was 
decided to slice the bench in Rhino to determine its shape and based on the literature review and the 
company’s designer explanations in previous stages of the design, it was realized there was a problem with 
the nozzle path rounding at one edge. So, the slices were fixed.  
  
Step 7: Printing  

The bench was placed on a sloped pallet and printed at Pikus’ facilities in Salt Lake City, Utah 
(Figure 4). Printed in two parts and assembled afterward, the 30-minute print, still resulted in several 
obvious aesthetic issues that would require further refinement. Corners were not executed properly, due to 
an error in the slicing code, and transitions along gentle slopes were extremely obvious due to printer 
resolution. However, with a few simple modifications, the issues could be fixed easily.   

Perhaps the most challenging aspect of the process was simply the length of time it took to get 
from a sketch to a print. Without a timeframe and working around schedules, the back-and-forth process 
lasted nearly three months. However, there were many lessons to take away from the process. Notably, 
that 3d printers work best with volumetric objects. With this in mind, a second bench design was developed 
that worked with versus against the limitations of the printer.   
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Figure 4. Completed print of the first bench (2020). Images by Pikus.  

  
5.2 Second Bench Design Documentation  

Working off the knowledge gained from the first design process, a second bench was designed to 
work with the printer and its strengths. The following process was executed from concept to print in a single 
day revealing the potential strengths of the technology for site design elements.   

  
Step 1. Information and thoughts  

In designing the second bench, information and ideas were gathered from the first bench, and the 
decision was made to design a bench that could be printed as a whole object with a volume that allows for 
simplistic printing paths and could shape that support itself completely from a flat plane.  

  
Step 2. Conceptual Design and Sketching   

A quick sketch was developed and sent to the printer in the morning. Seeing no issues, the process 
moved to modeling.  
  
Step 3. Three-Dimensional Modeling   

The bench model was generated in Rhino, starting with the bench sections and dimensions. After 
that, it was sent to the printer for feedback. The printer only had one concern with the initial model.  

  
Step 4. Revising   
Issue 1: Controlling the loads   
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Solution: Adding a support to the bench design.   
  
One of the concerns with the technology is the lack of knowledge about structural capabilities. The benches 
implemented at Galloway Elementary were backfilled with concrete to ensure structural integrity. Here the 
printer recommended an additional interior support path that would act as a support along the length of the 
bench. This modification can be seen in Figure 5.  
  
Step 5. Final Design   

After adding the internal support, the bench file was sent to the printer who identified no other 
issues with the model.  

  
Step 6. Slicing   

The printer executed their proprietary slicing procedure with a grasshopper plugin. The resulting 
sliced file showed no additional issues, and the file was ready to print.  
  
Step 7. Printing   

At the end of the day, the 25-minute print was executed at Pikus’ warehouse in Salt Lake City, 
Utah. The bench was printed on end and then laid down for inspection. There were no obvious issues with 
the print and it was considered ready to ship if it had been ordered for a project. The resulting print and 
process can be seen in Figure 5.   
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Figure 5. Complete design process for the second bench executed in one day. Illustrations by the 
authors (2020). Images by Pikus.  
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6 CONCLUSIONS  
 
This was a revealing research effort that has many implications for how 3DC Printing might 

influence the way we design and build objects in the landscape in the future. The first realization is that the 
technology is advancing at an incredible pace. Early examples of 3D printing took days if not weeks to 
execute. It’s not long before one realizes that this is not what we traditionally think of as concrete. Special 
additives allow the mix to cure at incredible rates. A 6’ long bench printed in less than half an hour sounds 
almost like science fiction. It’s not hard to imagine a day when contractors have a machine on-site printing 
objects in situ. That said, there are still issues with the technology that will require research. Specifically 
concerning is the lack of knowledge of the material’s structural properties. While this limits most design 
professions, it is actually not as concerning where landscape architects primarily deal with free-standing 
objects that only have to support themselves. Indeed, the technology might be used primarily as a 
decorative finish or even decorative formwork over a more traditional material until the understanding of the 
technology advances.   

The process itself, which requires a collaborative relationship with a knowledgeable printer, is 
uniquely revealing in its potential for the future of landscape architecture and design. For a designer to 
create a sketch in the morning and have a solid concrete object printed, not as a mockup but as the final 
product, by the end of a single day is unheard of. What might this mean for turn-around times? For inventory 
of elements? Could there be a day where elements are selected and printed from a catalog on demand? 
This speed might lead to a design process that is much more fluid and integral to the manufacturer.  

Perhaps most revealing for the profession is what it might mean for the nature of design aesthetic. 
Everything we design has roots in a combination of the materials, craftsmanship, and technologies that are 
used to create them. What does an object built with a 3DC Printer look like? There are no forms required. 
Only subtle limitations to print angles, height, etc. Clues to this future might lie in contemporary designers 
who have adopted parametric scripting tools like Grasshopper to develop sinuous forms driven by 
mathematical formulas. In most of the relevant examples, objects are meticulously carved from stone 
through painstaking subtractive processes. This technology makes these modeling tools much more 
approachable and the resulting product much more affordable.   
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