Process Book

Mosaic: A 3D Printed
Bouldering Wall

Karl Ludwig | Design Capstone | AU22 g2 P



Table of Contents

1. Introduction
2. Research
3. Design Development
3.1. Design Brief
3.1.1. Problem Statement
3.1.2. Specific Goals
3.1.3. Strategies
3.2. Concept Ideation
3.3. Formative Assessment
3.4. Aesthetic Language Exploration
3.5. Form lteration
3.6. Form Development
3.7. Prototyping
3.8. Back-End Design: App Creation
Design Solution
Conclusion
5.1. Impacts
5.2. Limitations

a B



Project Abstract

Mosaic is an outdoor bouldering hub made from 3D-printed concrete. It facilitates diverse, readily accessible outdoor
climbing and explores innovative use of 3D concrete construction printing.

Large-scale concrete printing is an emerging technology in which concrete is extruded in layers to create
three-dimensional structures. OSU’s Center for Design and Manufacturing Excellence is acquiring a cutting-edge concrete
printer, and this project contributes to the exploration of its potential in creative manufacturing contexts, demonstrating
how concrete printing can both be leveraged and complemented by other technologies to create ideal solutions for
climbing.

The Mosaic bouldering wall utilizes molded components to create nuanced climbing features, radiant heat to maximize
usability during colder weather, and integrated LED lights that allow climbers to build their own routes and use the
permanent concrete features in an endless combination of ways. An accompanying app enables this customization with
augmented reality while connecting climbers and their shared database of climbing routes.

Mosaic establishes a symbiotic relationship between rock climbing and concrete printing, resulting in a high-quality,
resource-efficient outdoor climbing venue and thought-provoking insights about the capacity for integrated technology to
activate printed concrete.
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Introduction

Rock Climbing is an incredibly popular sport and hobby. What is striking about climbing is how diverse the community is. It attracts a
remarkably broad range of people. What each of these people share, though, is that in order to climb, they need a place to do so. If
you live in, say, Colorado or West Virginia, you're in luck. However, for flatter areas with less dramatic geology like Columbus, Ohio,
the question of where to climb poses a bit more of a challenge. When faced with a long drive to the nearest real rock to climb
outside, many people resort to the convenience of indoor climbing gyms and the world of manicured plastic routes. That said, a new
technology exists that could upend this paradigm by providing new ways for people to climb outside.

This Fall, Ohio State’s Center for Design and Manufacturing Excellence (CDME) is acquiring a COBOD BOD?2 large-scale concrete 3D
printer. This machine represents the cutting edge on the frontier of efficient, more sustainable construction of concrete structures.
However, as so often happens in the world of science, the technology has been developed without a clear vision for the range of
possibilities that exist for its use. Engineers and architects are captivated by BOD2's ability to erect houses in a matter of days with
little to no human labor, but the reality is this: we have barely scratched the surface of this technology’s potential. It would be a
complete shame if such a powerful tool were to be pigeonholed into operating in a single industry or context. This is precisely why,
for my design capstone, CDME has asked me to expand this frontier of exploration to see how the world can make use of BOD2's
talents in concrete additive manufacturing.

With a market for outdoor climbing infrastructure and a machine capable of efficiently producing massive rock-like structures, to me,
rock climbing and BOD2 are a match made in heaven.
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Research

The concept of a man made outdoor climbing wall is far from a new concept. In
fact, over a decade ago, the City of Columbus implemented a large outdoor
climbing wall into their design of Scioto Audubon Metropark in the downtown
area. It stands today as the biggest no-cost outdoor climbing wall in the United
States. As one can imagine, this made it an ideal place to conduct my own
primary research, not only about the wall itself, but about the people who use it
and their experiences. What | learned from them was incredibly insightful.

The first thing | wanted to understand was where people climbed, and why. What
draws people to that spot over the other options available to them? In the
responses | got to this question, there was an overwhelming consensus. For
starters, every person | interviewed cited convenience and proximity as the
primary factor for their choice of Scioto Audubon. One young man named Jake
said he had just come from the dog park and had some extra time, so he swung
by for a session. Similarly, a woman named Michelle who was there with her two
sons told me that they come there to get better at climbing with the hope of
planning a bigger trip to climb at a real rock venue in the future. A climbing trip is
an event that is planned for, but on an everyday basis, people look for a quick
option that does not demand any thought in advance.




Research

If convenience is priority #1, though, | wanted to know why these
climbers didn't just go to one of the handful of nearby indoor gyms.
Aside from the obvious point that you have to pay for a gym
membership, interviewees were quick to point towards a desire to be
outside. Jake, the one who had brought his dog said this: “I'll get a gym
membership when it gets colder here in a few months, but | like coming
here when it’s nicer because it gets me outside.” Likewise, Michelle and
her son said they climb at Vertical Adventures (a local climbing gym)
sometimes as well, but they tend to enjoy the outdoor setting. Carson, a
local high school student there with his friends, told me that being
outside plays a huge role in his desire to get out and climb. Having
gotten into climbing this year, he hadn't yet felt the urge to try an indoor

As part of my primary research, | also conducted a more general online
survey about the use and perceptions of public parks. In my results, |
found that more than 71 percent of respondents listed “enjoying nature”
as a reason for why they go to the park, which was more than almost any
other reason people gave. These findings certainly seem to corroborate
the testimonials from the climbers | interviewed.
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Research

Having established that climbers are drawn to Scioto Audubon for its
easy access and outdoor setting, | next wanted to get a sense for the
quality of their experience climbing on the artificial wall as opposed to
real rock. It was clear that their decision was a pragmatic one: quantity
over quality. So, what aspects of quality are sacrificed? This question,
more than anything, is the crux of actionable design problems for my
project. As expected, the park’s public climbing is far from a perfect
solution in the eyes of its users. With the more negative feedback,
deterioration and durability were central concerns. The wall was built in
2010, so it has about 12 years of wear and tear, but for a project that
large, you would want it to have a pretty long lifespan. Unfortunately, as
Zach, age 20, pointed out, the outer composite material has worn down
or broken off in countless places on the wall, leaving patches of
exposed fiberglass, which would be very uncomfortable or even
dangerous to contact. Carson said he actively worries about loose
pieces breaking off while he’s climbing, which impacts his mindset.
When climbing real rock with too many loose or crumbling pieces, this
issue is often enough to make climbers abandon a route and move
elsewhere.




Research

| want to take a second to pause and recap what we've established so
far. Climbers look for the closest places available to them to climb on a
day-to-day basis and seek out outdoor options if they’re available. While
Columbus is lucky enough to have an artificial wall that meets these
criteria, it falls very short of ideal on metrics like quality and durability.
Furthermore, the very reality that Scioto Audubon is the largest
installation of its kind in the country begs the question of how we can
make it easier to produce climbing infrastructure like it.

This is an interesting project to explore the capabilities of COBOD'’s
printer for two distinct reasons. On one hand, it leverages BOD2’s
strengths of efficiently constructing large-scale, durable structures with
compelling rock-like textures and imperfections. On the other hand, a
good climbing wall demands a level of geometric complexity, nuanced
details, and pleasing aesthetic that are not current strengths of
construction printing. By addressing the weaknesses of a technology, it
opens up new possibilities for its application.
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Research

It is no revelation that concrete 3D printing can construct faster and more
efficiently than traditional methods at an impressive scale. That's what it was
made to do. Organizations like Habitat for Humanity are starting to successfully
test how the machines can drastically improve the rate at which they can construct
quality, affordable housing for the people they serve (Taylor, 2022).

The durability aspect is also a promising dimension of concrete additive
manufacturing. Concrete is already known for its solidity, but companies like Icon
are taking it a step further by 3D printing “disaster proof” homes with a new
concrete variant called Lavacrete. The resulting homes are supposedly built to
withstand fire, flood, wind, etc. (Englefield, 2021).

One reality of 3D printing and concrete is that there is inherent imperfection in the
resulting surface. Extruded concrete is rough, and 3D printing always shows the
striations of each layer to some degree. While this could be a drawback in many
applications, | was inspired by some cases where this quality was being leveraged
instead. For example, in Sydney Harbour, researchers a installing “living sea wall”
of concrete panels made in 3D-printed molds to “support easier attachment for
barnacles and mussels” (Gillespie, 2022).

See Inside Habitat for Humanity's First 3D-Printed

Home—and the Future of Construction

Habitat for Humanity is known for making homeownership a reality. With 3D-printing

technology, it's making homeownership even more affordable.

By Glenda Taylor | Updated Apr 4, 2022 4:17 PM
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Research

My review of literature on concrete printing and adjacent topics also uncovered several main
limitations of the technology. With a few exceptions, most projects I've seen BOD2 tackle deal
with very vertical, simple-surface geometry, such as the walls of a house. This presents a
serious problem when you're trying to mimic rock features. However, according to architect Jack
Balderrama Morley in Op-Ed piece, we should not treat 3D construction printing as a stand-alone
solution. He writes, “conventional buildings are not made by extrusion or casting or any other
single manufacturing process; they are accretions of dozens of different techniques from
cast-and-pour concrete to spot-welded steel extrusions to laminated glass. How could one
process replace the dozens of others that we currently use?” (Morley, 2022). A part of expanding
a technology’s possibilities is exploring what materials and processes can complement it, and a
climbing wall is a great venue to do so.

In the online survey | conducted, | also asked participants to share their perceptions of 3D
construction printing. In my results, one perception stuck out: 3D printed concrete is not
aesthetically pleasing. This is a huge design insight. To be widely accepted and reach its
potential, printed concrete is going to have to move beyond its bland, industrial personality. This
is especially relevant for use in public parks. In my survey, | asked participants to choose their
favorite aesthetic from 3 different photo collages of parks. Only 52.4 percent of people opted for
the collage featuring the most nature and greenery. How can we act on this information to
effectively introduce a more natural aesthetic to printed concrete.
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Research

Rock climbing and 3D construction printing have the potential to be a symbiotic relationship. With flat areas across the country in
need of venues to climb, the BOD2 printer has the potential to provide just that. At the same time, COBOD and the additive
manufacturing industry can benefit from tasks that push the boundaries of their capability in the interest of overcoming weaknesses
and expanding functionality.
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Design Brief



Problem Statement

How can COBOD’s large-scale concrete
construction printing technology be
leveraged and complemented to
provide readily accessible
resource-efficient, high-quality outdoor
rock climbing experiences in areas that
lack natural geologic features?




Specific Goals

o g

Target Tactile Experience of Natural Rock
Artificial plastic climbing holds look and feel entirely different.

Minimize Material Input
Concrete is irreplaceable in engineering, but it's better for the earth if we can use less.

Resolve Low Print Resolution
BOD2 prints layers 1”h x 4"w, and can’t print unsupported features. How can we bring the details?

Adapt to Seasonal Conditions
Climbers tend to be forced inside by cold/winter conditions. Can technology enable year-round use?

Afford Customization and Variability
Climbers want new options to keep things interesting and challenging.



Strategies

1. Test methods for creating climbing features in wet or cured concrete. These could include both
additive and subtractive processes.

2. Explore ways in which integrated technology can either mitigate the effects of cold and winter
weather or facilitate alternate functionality when traditional climbing is not possible, including—but
not limited to—heating and cooling systems.

3. Design physical and system-based solutions through climbing routes can be altered.

4. Employ module components to increase diversity of use without requiring excessive material
input.

5. Explore visual aesthetics that are attractive and functional without attempting to copy the look of
natural rock.



Concept Ideation
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Persona

During my concept ideation, | created a persona to serve as inspiration. The purpose was to
summarize key research insights in succinct and anctionable way.

PETER EKIN

PROFILE BIOGRAPHY
Gender : Male Peter is a student at Upper Arlington High School. He and his friends recently tried rock
Age L climbing on an outdoor field trip and want to get into it more. They've gone to a local climbing

Education : High School
Occupation : Student
Location . Upper Arlington, OH

gym a few times, and their experience was decent, but they don't go often. After being in a
classroom all day, Peter would rather be outside. Unfortunately, at his age it's hard to find the
time, transportation, and coordinate with friends to plan a proper outdoor climbing trip.

PAIN POINTS
Lacks transportation to outdoor crags to climb
Would rather be outside, but most convenient climbing is at an indoor gym
Forced inside completely to gym climbing in the winter
Nearby Scioto Audubon Park nearest crags offer only a limited number of climbing routes

GOALS
Wants somewhere convenient he can climb at more spontaneously
Wants to prepare for bigger outdoor coming trips with walls that feel like the real thing
Wishes the diversity and variability of gym climbing were available outside so there is always
something new to climb

Wishes the ice, snow, and cold didn't inhibit rock climbing during the winter months




Formative Assessment



Question #1

Sl

Would a radiantly heated climbing wall make

people more inclined to climb outside in less
desirable weather conditions?
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Q1. Methodology

Survey format
2 hypothetical scenarios
o Want to go bouldering at outdoor, artificial
climbing wall
o Same as above, but the artificial wall is heated
internally
For each scenario, | presented a series of daily weather
forecasts that they might find on a weather app that
shows temperatures, precipitation, and sun quality
For each forecast, | asked people to rate the likelihood
that they would go climbing on a 5-point scale from
“definitely yes” to “definitely no."
After they answer, | will also ask why they chose their
response.
| will compare the responses with and without a heated
wall.

@ 20%

Precipitation

28°

@ 10%

Precipitation




Q1. Results

“Cold reduces dexterity, so the
warmed wall would be perfect for
climbing when conditions would
otherwise be sub optimal”

Climbing Weather ® Scenario 1 (control)
Perception S Scenario 2 (with radiant heat intervention)

17 Participants (100% with at least some previous climbing experience)

81° | 90% precip. | Thunderstorms R
71° | 40 % precip. | Overcast .
64° | 20% precip. | Mostly sunny S———
54° | 25% precip. | Partly Sunny ——
49° | 2% precip. | Sunny & clear [
41° | 5Y4 precip. | Overcast & snowy ==
38° | 0% precip | Mostly sunny =
33° | 75% precip. | Snow showers ——
28° | 10% precip. | Icy I
26° | L% precip | Sunny & clear —

Average Response -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Definite no Could go Definite yes
either way



Q1. Results

“Cold reduces dexterity, so the
warmed wall would be perfect for
climbing when conditions would
otherwise be sub optimal”

“Even if there's a radiant heat design,
the wall would still be wet, and I'd get
rained on.”

Climbing Weather ® Scenario 1 (control)
Perception S Scenario 2 (with radiant heat intervention)

17 Participants (100% with at least some previous climbing experience)

3 - 7
81° 1 90% precip. | Thunderstorms

71° | 40 % precip. | Overcast
64° | 20% precip. | Mostly sunny
54° | 25% precip. | Partly Sunny
49° | 2% precip. | Sunny & clear

41° | 5% precip. | Overcast & snowy

38° | 0% precip | Mostly sunny
, - I
33 | 75% precip. | Snow showers

28° | 10% precip. | Icy —
26° | 5% precip | Sunny & clear I—

Average Response -2 <1.5 =1 -0.5 0 0.5 1 15 2

Definite no Could go Definite yes
either way



Q1. Results

“The heating would be nice but colder temps help with better friction on
the skin so | wouldn't want the wall to be too warm.”

“I think that it could be heat pollution.”
On keeping things dry: “A roof could help this?”

“I was more concerned with my time when off the wall rather than onit.”



Q1. Takeaways

Effective for Lower Temps.
The intervention noticeably increased the likelihood of use in colder temperatures.

Moisture
The presence of moisture is a make-or-break, and warming tech doesn't solve this directly.

Moderation
Not to warm for comfort, use only when necessary to prevent energy waste.

Auxiliary Infrastructure
Secondary interventions like physical shelter from precipitation could be beneficial.

Down Time
Can something be added to support comfort in between climbs?



Question #2

Are concrete climbing holds strong enough to be
viable for use in climbing walls?




Q2. Methodology

e Created taxonomy of different climbing hold types

e Created my own climbing holds by sand casting
store-bought concrete.

o  Variety of shapes and sizes

e Anchored them to a fixed surface.

e Test the strength of the holds under increasing load
conditions by standing on them.*

e To create higher forces if they withstood body weight, |
created higher dynamic forces by jumping/bouncing.

* While this was not a highly technical methodology due to
limitations in prototype production and strength-testing
technology, it still gave me a lot of useful information
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Q2. Takeaways

Bolt Hole is a Weak Point

The smaller diameter, the better. Focus on finding better anchor solution.

Better Anchors
Ideal anchor should focus force towards wall, not the edges of the climbing hold.

Full Cure Time Matters
Concrete exhibited a tiny fraction of its true strength when tested too early.

Mix Concrete Wet for Molding

Too thick a mixture can leave pockets and weak points.

Successful Proof-of-Concept

| am convinced that, with further tweaks to the process and hardware, the prototypes demonstrated
the necessary to strength to be viable.



Aesthetic Language Exploration



Aesthetic
Language
Exploration

This mood board served as a
reference for colors, shapes,
patterns, and textures found in
rock, printed concrete, and

climbing tech.

NTROPIC
Geology




Form lteration



Form Iteration

Thumbnail sketches exploring stable structure forms that
incorporate a wide variety of climbing difficulties and styles.
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Form Development



Form Development

Structure form explored three-dimensionally and refined in Solidworks.




Form Developmen

Created a visual and written taxonomy
of different types of climbing holds to
inform modeling and prototyping of
my own.

Jug

“Jugs are big, open holds that you can get your whole
hand around. Jugs are most people’s favorte because
they're so 2asy to grip and they provida an axcollent
rest.” (RED)

Edge/Ledge

*“Edges ara the most common holds you find. They can
be tiny dime edges (oarely wid enough for the toe of
your shos),long Guts n the wall oo for both hands)
o hugs lediges (big enough to boost your whols body
onto atthe op of a climb)” (RE)

Pinch

A pinch s exaetly wht it sounds ik —any piece of
ock that you can pinch with your thumb on ore side
and your fngers on the other, Because your thumb
adds so much gripping power,use tany time you can
et ton a hold. (RE)

Sloper

“Siprs o g it o postve sl or o IR
hands o 1 They can b ricy, bt good ec

il havo you cimbing Sopey s o s

Dimples or small bulges are helpful, Once you find your
postion, get your whole hand n contact to maximize:

fricton, and koep t sl s you move thiough 10 the next
hold:” (RE)

Pocket

“Pockels are holes n the rock. They can be s0 small

that you can barsly fitone inger, or wide enough tofit

your whole hand. Your middie finger s srongast; so
make sure you use i you only have room for one or
two fingers.”(RE)

Undercling

*“Like the name imples, an undercing s any hold you

‘can maintain body tension as you reach for the next
hold:” (RE)

Flake

A flake is  piece of rock that has detached from the
wall,laving a crack between it and the bigger rock.
You can jam some flakes ust ke a cack, but s often
‘easier 0 ust o wrep your hands around it and lay back
offthe edge.” (REN)

Horn

“Homs are protrusions of rock that you can get your

hand beting. Theye great holds bocauss they ro
usually very easy 10 grip. Sometimes you can even

throw a sling around them to use as protection” (R

Jib
L T ————

g o2, scmetims relying eavi on fcton o suppor weghL.
(Wiipaca,




Form Development

Modeled 8 different climbing hold forms to assemble on the climbing structure. They serve as examples of different possible
geometry, but the options are limitless.
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Form Development

Created realistic custom materials and displacement maps in Keyshot, referencing aesthetic language exploration.
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Prototyping



PrOtOtyping 3D-printed and painted a 1 : 40 scale model




Prototyping

Cast climbing hold prototypes with embedded LEDs.




Prototyping

Built section of concrete wall showcasing concrete layers interfacing with custom LED climbing holds. Molded concrete block with
taught string to create impression of printed layers. Drilled holes, placed anchors, bolted on holds, and wired the lights.




Back-End Design: App Creation



Back-End Design: App Creation

Developed basic app mock-up in Adobe XD, demonstrating how users would operate the wall’s features and interact with an online
community.
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Design Solution
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Construction
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Overhang
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print support



Structure Features

15-foot wall
(Max. bouldering height)

12-foot wall

16-inch pad thickness



Structure Features

Bench seating

8-foot pad
clearance




Wall Sections pesigned to incorporate varying difficulty and climbing styles.

Slab: vertical or even less steep

Moderate Overhang: up to 20 degrees Cave: intense overhang, horizontal face



Radiant Heating

Activates automatically when

e Air temperature drops
below threshold

AND

Wall is actively in use



Rubber pad

Molded plastic LED layer

4

Drop-in anchor

Hex head
cap screw

Molded concrete

LED wires



Integrated LED
prototypes
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Conclusion



The Impacts

Convient & accessible
Scalable solution

Enables time outdoors
Better simulation of texture
Provides endless diversity
Encourages creativity

-, * Climbing

s

Mixing form-giving processes
Activating technologies
Minimizing material input
Frontiers beyond architecture

-”b —
f (

B




Material Durability Repairs

How would the If components do break, Would the cost of
structure, surface, and are good methods for materials, parts, and
parts hold up over time? fixing them? operation be practical?







