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Surface Effects and Spatial Affect in Digital Fabrication  
Jeff Ponitz, Mark Cabrinha, Clare Olsen 

Cal Poly San Luis Obispo

“A great building must begin with the 
immeasurable, must go through measurable 
means when it is being designed, and in the end 
must be immeasurable.”                       –Louis Kahn 

The continued convergence of digital design 
and manufacturing tools into a digital 
design/build workflow has resulted in a renewed 
interest in both the measured and the 
immeasurable in architecture. The precision and 
automation afforded by digital tools has 
simultaneously given rise to a resurgence of both 
material exploration and atmospheric 
environments; at the same time the translation 
from concept to construction through code can 
be incomprehensible.  For young designers, 
learning any of these steps on its own can be a 
challenge in itself, and for some, learning the 
relationships between each of the steps can be 
overwhelming. 

The ten-week foundational course of an evolving 
parametric design and digital fabrication 
curriculum at Cal Poly involves learning a 
particular a set of tools (Grasshopper, laser 
cutter, CNC router) with emphasis placed upon 
the understanding that tools, materials, and 
fabrication processes play in the architectural 
design and fabrication workflow.  Students taking 
this course, generally in their third or fifth year of 
study, are expected not only to make well-
crafted artifacts, but to understand why they 
were making them, and the relevance of their 
process to a larger disciplinary discourse. 

This course has been developed and refined 
over three iterations1, each sharing a similar basic 
organization, consisting of a series of highly 
structured skill-building exercises (Surface Logics) 

followed by more open-ended team installation 
work that allowed students to synthesize and 
extend those skills. The primary objectives of 
these three iterations of the course were to teach 
parametric thinking, in addition to parametric 
software; to balance digital craft with an 
experimental tectonic; and to teach critical 
thinking about when and why particular digital 
processes may be appropriate in a given 
situation.  

Project One: Surface Logics  

“An architect must be a craftsman. Of course 
any tools will do; these days, the tools might 
include a computer, an experimental model, 
and mathematics. However, it is still 
craftsmanship—the work of someone who does 
not separate the work of the mind from the work 
of the hand. It involves a circular process that 
takes you from the idea to a drawing, from a 
drawing to a construction, and from a 
construction back to idea. 2“              -Renzo Piano 

The Surface Logics project, accompanied by 
incremental workshops on parametric design 
software and fabrication equipment, were 
designed to instill in students a foundation of 
digital craft. The project asked students to design 
and fabricate a series of sculptural surfaces using 
strategically paired surface geometry types and 
material operations. Beyond the specific 
techniques used to create each iteration, the 
only requirements of these surfaces were strength 
and beauty at three different scales: macro 
(overall surface form), mezzo (surface texture 
and patterning, either applied or integral), and 
micro (tectonic expression and craft). In a typical 
one-and-a-half-week sequence, students were 
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asked to fabricate a mockup of part of their 
surface before producing the final artifact, in 
order to provide time for learning through failure. 
The artifacts produced during each of these 
exercises were accompanied by a set of 
drawings that detailed their parametric 
generation, visualization, fabrication, and 
assembly. 

These exercises included Folded Surface, 
Sectioned Surface, Panelized Surface, Populated 
Surface, and Excavated Surface, each of which 
is discussed in the following pages.   

Folded Surface 

Prompt: Create a sculpturally rigid paper surface 
through scoring and folding. The surface must be 
made from a single sheet of Bristol board, without 
any cuts or discontinuities. 

 

Fig. 1 Students Nava Haghighi and Katarina Richter 

In two of the three course iterations, students 
began the first day of class by hand-folding 
patterns from Paul Jackson’s Folding Techniques 
for Designers.3 They first were given printed 
patterns to fold, then had to re-create those 
folding patterns on a blank sheet of paper.  This 
often required proportionally folding and 
unfolding the sheet multiple times in order to 
derive complex subdivision grids. This brief in-class 
exercise introduced surface tessellation and 

subdivision, and the relationship between 2D 
patterning and 3D form in an analog context.  

After the in-class exercise, students translated 
their folding patterns into a 2D parametric 
drawing using Grasshopper as an introduction to 
the logic of the software. Soon after (and often 
during) this process of direct translation, folding 
patterns were modified, customized, and 
hybridized to create new patterns which were 
laser-cut from Bristol board and tested for 
foldability and formal quality. Students were 
often surprised that the thickness of paper they 
selected was the difference between a well-
crafted surface and an impossible one, and that 
the art of paper folding had certain unbreakable 
“rules” (e.g., at every vertex, there must be two 
more or less mountain folds than valley folds).   

Sectioned Surface 

Prompt: Create an implied thickened surface 
with apertures using a series of bi-directional ribs.   

 

Fig. 2 Students Molly Chen and Kelsi Doyle 

In one course iteration, students began the 
course by parametrically modeling a thickened 
surface and boolean differencing voids from it. 
These simple operations were intended to mirror 
the way students currently worked in Rhino, while 
enabling them to rapidly iterate through multiple 
design options and evaluate the results. These 
models were then serially sectioned in one 
direction, and ribs were laser-cut and laminated 
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to create a massing model. The proportions of 
these laminated models were often quite 
distorted from the original models—the result of 
not precisely measuring the thickness of material 
and the accumulation of error.  

Students then bi-directionally sectioned their 
models to create a “waffle” or “egg-crate” 
frame. While this technique is ubiquitous to the 
point of being a digital fabrication trope, it 
introduced the problem of joints and assembly in 
a simple way, and set up a structural device that 
could be used in future exercises. Grasshopper 
was used not only to create parts for fabrication, 
but to label and manage them. In this exercise, 
tolerance became an issue—this time less 
because of the thickness of the material, and 
more because the kerf of the laser-cutter—and 
students had to adjust their joint sizes by as little 
as 0.005” in order to get a proper fit. This exercise 
also introduced the question of economy: some 
students made their “frames” nearly solid in order 
to get a clear formal reading, resulting in a 
greater use of material, machine time, and 
assembly time.  

Panelized Surface 

Prompt: Create an exuberantly curvaceous 
surface using flat material.  

 

Fig. 3 Students Alex Burkhardt and Karolina Luckiewicz 

This exercise introduced a common architectural 
dilemma: how to build surface curvature with 

sheet material. This required rebuilding the initial 
surface as a series of developable strips. After 
analyzing the Gaussian curvature of the original 
surface in Rhino, students rebuilt the surface to 
have one degree of curvature in one direction. 
The rebuilt surface was again analyzed for 
curvature to verify, and strips were unrolled for 
laser cutting.   

A number of structural approaches were used to 
join and support these surfaces. Some students 
took a “structure first” approach and constructed 
a bi-directional frame to fully support the surface; 
others discovered that a series of uni-directional 
ribs running along the panel joints were sufficient 
to give the surface rigidity; a few students were 
able to assemble their surfaces without any 
secondary structure by taping or gluing strips 
edge-to-edge. This last approach highlighted the 
potential for intelligent building components that 
could be self-forming and self-structuring.  

Populated Surface 

Prompt: Create an articulated surface out of an 
array of variable modules.  

 

Fig. 4 Students Shereen Ghishan and Melissa Steenport 

For this exercise, students were asked to design a 
surface consisting of folded components, which 
could be joined either to each other or to a 
secondary frame. This exercise foregrounded the 
need to establish part-to-whole-relations 
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between the surface geometry, the module, and 
the structural system placing explicit focus on the 
variation of the module. Structure was again a 
critical issue: some students designed a bi-
directional frame that established the overall 
form and created a cell to accommodate each 
module; some created a tab or clip system to 
join modules to each other; and others merely 
tried to glue or tape modules together. This last 
approach was derisively referred to as a “Rhino 
joint” for the way it neglected material, 
construction, and physics.   

The amount of time required to assemble these 
surfaces was substantially higher than any of the 
previous exercises; a 6”x12” surface could take 
eight to ten hours to assemble in some cases. This 
highlighted the risk and the cost of continuous 
differentiation: while it is often said that a laser 
cutter doesn’t care if it’s cutting a unique part or 
a standard one, it can have a significant effect 
on other aspects of fabrication.  

Excavated Surface 

Prompt: Create a sculpturally carved and 
patterned surface.   

 

Fig. 5 Students Samantha Aisawa and Kyle Landau 

After a series of exercises that required students 
to work with 2D materials and manufacturing 
processes (laser cutting paper), this stage 
introduced mesh geometry and CNC milling as a 
means to explore doubly-curved surfaces. Mesh 
subdivision and smoothing operations (using the 
Weaverbird plug-in for Grasshopper) were used 
to generate complex and intricate geometries 

that would be practically impossible to build with 
sheet material. As in other exercises, the design 
of these surfaces were to be considered at three 
scales with each scale associated with a 
particular CNC machine operation: overall 
surface geometry (achieved through surface 
milling), surface modulation (a series of pocketed 
apertures), and surface texture (engraved 
patterning as well as the intentional scalloping of 
the router bit).   

The original intent of this exercise was to use 
these milled surfaces as molds for creating cast 
or formed surfaces, introducing the concept of 
indirect fabrication and the use of a single mold 
to create multiple artifacts. This was removed 
from the exercise due to time constraints. 

Project Two: Installation Work  

“Though built forms incorporate different material 
and intellectual contents, these meld together 
into novel sensory forms which, once created, 
are what they are. They have no cognitive 
content in their actuality. They are just formal and 
their ‘meaning’ depends on their affects and 
each individual’s perception of them. Affects are 
therefore the aspect of forms through which 
architects influence—without determining and 
limiting— people’s experience.4”  

                                                       –Farshid Moussavi 

After approximately five weeks of structured skill-
building, students were given an installation 
project that expanded the scale, functionality, 
and ambition of these exercises, while asking 
students to be more critical about the design 
and fabrication processes employed in their 
creation.  The first iteration, Sticks, Sheets, and 
Solids, prioritized a material logic and assembly 
technique, and yet students did not seem to take 
advantage of the techniques previously learned 
in the Surface Logics exercises.   In the next two 
iterations, a more focused self-directed 
hybridization and extension of previously learned 
techniques allowed students to set their own 
parameters for materials and fabrication 
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processes. This installation work focused on 
intelligent assembly systems and ambient 
environments.  

Sticks, Sheets, and Solids 

Prompt: Design and fabricate a small-to-medium 
structure that can be physically or visually 
inhabited, and engages the body physically and 
perceptually. Use one of three material 
typologies: sticks (joining, framing), sheets 
(folding, laminating) or solids (casting, stacking).   

Some student teams embraced the constraint of 
sticks, sheets, or solids. One team laser cut LDPE 
panels and bent them into place to create a 
suspended hyperboloid with varying degrees of 
transparency along its surface; another team 
CNC milled formwork to cast plaster masonry 
units that sculpturally tessellated their surface in 
order to obscure shadow lines from their joints, 
creating a visually continuous assembly.  

 

Fig. 6 Students Layan Barakat, Trevor Larsen, Diana 
Rodriguez, and Stephanie Thompson 

Other teams either disregarded or hybridized 
these material typologies: one CNC routed a 
series of jigs which locked into an existing stair 
and guard rail system, and structured a woven 
string canopy for passerby. Another team 
designed a cast structural framework with a 
universal joint that allowed a single module to be 
securely assembled in several configurations.  

PODs (Parametrically Ordered Diaphragms)       
and Jellyfish Phonebooths 

Prompt: Design and fabricate a volume that 
contains and transmits light, and is visually and/or 
physically inhabitable. It should be lightweight 
enough to hang with fishing line, but should be 
structurally rigid. It should be built out of multiple 
modules or components, thoughtfully joined. 

For all the successes of the Sticks, Sheets, and 
Solids project (site-specific design, diversity of 
projects, and the creation of inventive assembly 
systems), one frustration of the project was that 
little knowledge from the Surface Logics exercises 
seemed to translate into the final projects. To 
reinforce a connection between the first and 
second projects, the next two iterations of the 
course explicitly asked students to apply and 
extend lessons learned from these exercises into 
the final project, while working at a larger scale 
and making use of a wide range of materials.  

 

Fig. 7 Jellyfish Phonebooth by students Mariana Diaz, 
Katarina Richter, Juan Robledo, and Josephine Tetzner 

The students worked in groups of three or four to 
draw upon each other’s skills in the development 
of an occupiable, complex material assembly. A 
key component of presenting this project brief 
involved visualizing the final exhibition: “Imagine 
a dark room, illuminated only by a series of 
suspended volumes of light.” This turned the 
project into a collective installation piece that 
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motivated students to work within a shared set of 
project parameters. 

In early pin-ups, the biggest challenges with 
these pieces were structure, connections, and 
materiality. Initial designs were either 
dramatically over-structured (large MDF ribs to 
hold up a Mylar surface) or had no structure at 
all—the dreaded Rhino joint re-appeared at this 
time, causing many early prototypes to collapse 
and fall apart. Students were hesitant to move 
beyond paper, vellum, and acrylic—common 
modeling materials—and think about these 
pieces as full-scale fabrications.  

 

Fig. 8 PODs by seven student teams 

The material palette broadened considerably by 
the final exhibition. One team plasma-cut and 
welded steel plates into a modified developable 
surface; another used heat-activated boat shrink 
wrap. Teams CNC milled molds on which to 
thermoform PETG, and lay up simple composite 
materials such as paper mache and yarn).  

Structure and joining systems progressed as well, 
both as functional components of the pieces 
and as expressive design elements. Some 

students used lessons learned from the Populated 
Surface exercise to create integral tab 
connection systems. One team created a simple 
universal connector that could flex to join curved 
panels into a wide range of configurations. Some 
teams took advantage of acrylic’s light 
transmittance to create structural ribs or joint 
systems with a fiber optic-like quality. 

Course Impact 

This introductory course was meant to serve 
students primarily in three ways: 1) introduce 
parametric thinking and digital fabrication not 
only as a set of tools, but as a field of design 
inquiry; 2) initiate a larger digital fabrication 
curriculum at Cal Poly; and 3) augment work 
occurring in architectural design studios.  

The course was largely successful at these three 
goals. While many students took the course with 
the primary intention of “tooling up,” they left the 
course with an understanding that “d-fab” was 
more than just a way to make novel forms—it 
was a design process that established clear 
relationships between geometry, material, and 
assembly, and gave them control over the 
means of production. The class yielded many 
discussions about digital craft, design-for-
fabrication, the integrated design of structure 
and skin, motives and benefits of standardization 
vs. variation, performance and optimization, and 
economy in all its shapes and forms. 

The foundational knowledge developed in this 
course enabled an advanced digital fabrication 
course, referred to as the Material Innovation Lab 
(MiL), in which these tools and concepts were 
applied to specific architectural problems such 
as façade design, and often focusing on a 
specific material, such as high-strength concrete 
or fiber-reinforced polymer (FRP). Given the 
compressed ten-week schedule of the 
academic quarter system, this ability to extend 
the work of the introductory course was critical—
starting on day one, class discussions were 
focused on the “why” rather than the “how,” 
allowing the work to progress at a much higher 
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level. Notably with this class, parametric software 
and digital fabrication blended seamlessly into a 
larger design/fabrication process that was often 
messy and analog. Digital tools were no longer 
being used as a blunt instrument, but were 
employed when and where needed as part of a 
larger design agenda. 

Lastly, work from the introductory course did 
appear in design studio work in ways big and 
small. This was primarily evident in the formal 
development of projects, particularly façade 
systems, and was not always positive: at times it 
was evident that a student’s desire to use a 
particular tool had overwhelmed a more holistic 
design process, and the work took on a 
recognizable “d-fab” aesthetic. Other times the 
tools were used for automating mundane tasks 
such as designing and modeling stairs. In 
between these extremes was an integration of 
lessons learned into a design process: rapid 
versioning of design options, optimization of 
performance criteria, and an experimental 
approach to materials and assembly.  

Conclusion 

Digital design and manufacturing tools have a 
profound and recognizable effect on the work 
they produce, and in an age of rapid 
technological advancement, architecture’s 
greatest innovation and potential originate from 
what Thom Faulders calls “the playground of the 
tool.5” If Kahn was right that great architecture 
must begin as somehow immeasurable, what 
does that mean for a generation whose 
architecture begins with hyper-precise tools?  

Digital tools, as one layer of a larger design 
process, provide an additional bridge between 
hand and mind in the development of a material 
and intellectual craft. Learning how to use those 
tools is a critical skill for any designer, but equally 
important are why and when to use them (or 
when not to). The curiosity to pick up a tool and 
experiment, to see what it can do, is an indicator 
of an immeasurable process well underway.   
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