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surface’s	ability	to	generate	a	thermal	environment,	
which	requires	methods	to	predict	and	test	the	behavior	
prior	to	fabricating	a	full-scale	operating	prototype.	The	
thermal	environment	is	generated	by	a	custom	heating	
and cooling radiant panel system in the prototype for 
empirical testing, which was used to compare to the 
digital simulations. 

INTRODUCTION
The	dialogue	between	digital	simulations	and	empirical	
testing	in	architecture	provides	a	critical	link	between	
speculation	and	material	behavior,	which	suggests	the	
degree	of	probability	that	the	final	built	entity	will	act	as	
predicted.	This	dialogue	is	enabled	by	the	proliferation	
of information technologies into the design studio, which 
has	resulted	in	two	related	impacts.	The	first	is	that	the	
acceleration of generating iterations, when coupled with 
the ease of creating digital simulations for each iteration 
and quick prototyping of physical elements, provides 
a series of potentials to compare, cross-analyze, and 
make	informed	decisions	about	the	evolution	of	the	
design proposal. The second impact is the increased 
ability	to	visualize	complex	data	about	a	wide	range	of	
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The pairing of speculation and physical testing informs 
the	probability	of	material	behavior	in	architectural	sur-
faces and entities. This paper investigates the nature of 
an iterative design process that utilizes simulations and 
empirical testing to co-evolve a full-scale research pro-
totype. The paper argues that simulation technologies 
have	accelerated	the	ability	to	speculate	the	behavior	
of surfaces and entities while testing provides analysis, 
increasing	the	potential	to	evolve	the	design	because	
the	feedback	loop	provides	information	intimately	tied	to	
formal, spatial, organizational, or environmental aspects 
of	a	project.	The	acceleration	allows	the	design	to	quickly	
iterate and empirically test the speculation in order to 
develop a family of options for the designer to compare, 
analyze, and then choose the iteration most suited to 
the	broad	range	of	issues	involved	in	any	project.	The	
paper traces the design process for the research cre-
ation	project	"Klimasymmetry,"	which	flickers	back	and	
forth	between	speculation	and	physical	testing	in	order	
to investigate how the pairing of simulation technologies 
and	prototyping	informs	the	design	process.	Specifically,	
the	project	investigates	the	nature	of	the	architectural	
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phenomena associated with the technical performance 
of	buildings.	These	two	impacts	are	investigated	in	the	
research	creation	project	Klimasymmetry,	where	the	
intimate	relationship	between	speculation	and	empirical	
testing was investigated in order to discuss the recipro-
cal	transfer	of	knowledge	between	behavior	and	form.	
The	project	addressed	the	speculative-testing	relation-
ship	with	two	main	goals.	The	first	goal	of	the	research	
was to closely link the formal speculation of designing 
the	architectural	surface	with	its	behavior,	which	can	be	
perceived via the physiological thermoreceptors of the 
people who occupy the space near the panel system. 
The second goal was to investigate the nature of visual-
izing non-visual phenomena through digital simulation 
technologies and physical thermal measurements. 

The	link	between	form	and	behavior	was	initiated	
through	speculation	based	on	thermal	physiological	
research.	Thermal	perception	is	subjective,	yet	there	
are	patterns	of	similar	behavior	in	people	based	on	age,	
gender,	and	the	climate	they	inhabit.	In	particular,	there	
are similar patterns in the way people perceive thermal 
comfort	across	different	regions	of	the	body.	People	
do not perceive thermal comfort evenly across their 
skin; rather, it varies per zone relative to the immediate 
thermal context.1 According to physiological research, 
the	main	zones	of	the	body’s	thermoreceptors	can	be	
classified	as	the	face,	chest,	abdomen,	and	thighs.	The	
order of importance in which people are “more sensitive” 
to “less sensitive” according to thermal change varies 
relative to whether the surrounding context is warm or 

cold.	For	example,	in	a	cold	context,	thermal	comfort	is	
most	effective	when	heat	is	applied	to	the	abdomen,	fol-
lowed	by	the	chest,	then	thigh,	and	finally	the	face.	The	
hierarchy	of	body	zones	rearranges	when	the	context	
switches from cold to warm. In a warm context, thermal 
comfort is achieved when cooling is applied to the face, 
followed	by	the	chest,	then	abdomen,	and	last	at	the	
thigh	(fig.	1).2 The physiological study reveals that the 
link	between	the	geometric	location	of	where	thermal	
conditions	emanate	can	be	linked	to	the	physiological	
location	of	sensory	receptors	on	a	person’s	body.	

The geometric location of thermal zones from the 
physiological study spatializes thermal conditions, pro-
viding distinct regions to design thermally active sur-
faces in relation to the people occupying the surrounding 

space. The guidelines for locating the thermal zones pro-
vided enough information to speculate on the surface 
geometry for the radiant heating and cooling panel sys-
tem.	The	panel	system	was	designed	to	be	compact	and	
approximately the scale of a human, and thus needed 
to generate its own thermal environment. The panels 
were	divided	into	two	thermal	behaviors:	warm	and	
cool	panels.	One	side	of	the	object	created	a	primarily	
cool	environment	by	having	a	majority	of	surface	area	
dedicated to cool panels, while the other side created a 
primarily warm environment with more surface area for 
warm	panels.	Radiant	heat	transfer	is	more	effective	as	
the surface area increases; thus, generating a distinctive 
thermal	environment	requires	assigning	a	majority	of	
the	surface	available	to	either	radiate	heat	from	warm	

Figure 1: Physiological 
perception of thermal 
comfort in warm and 
cool environments.

Figure 2: Geometric 
location of the cool 
radiant panel system 
in a warm environment 
and warm panel in 
a cool environment, 
according to the 
human body.
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panels	or	absorb	radiated	heat	from	occupants	with	the	
cool panels. Maintaining a relationship to the physiology 
of	the	body’s	thermoreceptors,	in	a	warm	context	cool-
ing	is	most	effective	at	the	face,	while	in	a	primarily	cool	
climate,	heating	is	most	effective	at	the	abdomen	(fig.	
2).	Therefore,	informed	speculation	about	the	geome-
try of the panel surfaces locates a warm panel at the 
abdomen	in	a	primarily	cool	environment,	while	a	cool	
panel is located at the height of a person’s face in a warm 
environment	(fig.	3).
The	second	goal	of	the	project	was	to	examine	the	

nature of visualizing non-visual phenomena through 
the generation of images. Thermal conditions are 
ever-present	in	our	designed	environments	but	usually	
so	subtle	that	we	rarely	pay	attention	to	them,	unless	
they stray away from ASHRAE standardization.3 Ther-
mal conditions are usually only investigated in design 
for	functional	efficiency	or	standard	levels	of	comfort	but	
present	a	rich	opportunity	to	be	examined	for	their	abil-
ity to inform spatial, organizational, and formal design 
potentiality.4 The perception of thermal conditions is 
usually	only	noticed	when	there	is	an	imbalance,	and	as	
such,	it	is	usually	seen	as	a	problem	to	be	corrected.	
Thermal	conditions	are	dynamic	and	unstable,	which	
challenges the Vitruvian notions of architectural ele-
ments	providing	stability.	This	unstable	force	that	is	
ubiquitous	in	our	environment	is	further	distanced	from	

to	visualize	non-visible	information.	The	generation	of	
images	to	communicate	these	dynamic	behaviors	is	
crucial for architects that tend to prioritize visualization 
over mathematics or language. Computational fluid 
dynamics visualizes data from thermodynamic digital 
simulations, which generates images where pattern 
recognition	is	easily	identifiable.	It	is	the	literalness	of	
the images produced through simulations that reveals 
the	probable	behavior	of	the	proposed	surfaces.	The	
generation of images through simulation is compared 
to the visualization of non-visual thermal information 
from physical prototypes via an infrared camera. Empir-
ical testing provides the opportunity to understand the 
actual	material	behavior	against	the	simulated	predic-
tion. Thus, the design process evolves through the com-
parison	between	the	speculative	simulation	and	testing	
of physical prototypes.

traditional	notions	of	an	architectural	material	because	it	
is non-visual. The predisposition in architecture toward 
surface, form, and texture favors light as an environmen-
tal	variable	that	has	legible	tectonic	behavior	because	
the	effects	are	visible	and	reinforce	those	traditional	
systems. The theoretician Michelle Addington argues 
that	thermal	conditions	within	the	built	environment	
are inherently spatial and thus as architectural as any 
other	building	component.5 Therefore, how can thermal 
conditions	be	rendered	to	reveal	their	tectonic	capacity?
The	complexity	of	the	fluctuating	flows	of	thermody-

namics requires a means to visualize the data to allow 
designers	to	recognize	patterns	of	behavior.	The	need	
to synthesize complex phenomena through visualiza-
tion	is	similar	to	the	American	scientific	historian	Peter	
Galison’s	description	of	the	tension	between	data	visu-
alization and the mathematics of pure science in the 
way images are used in the sciences. On one hand, the 
scientific	community	is	faced	with	the	need	for	images	
because	they	create	descriptions	that	words	or	numbers	
cannot	provide,	relying	on	our	ability	for	pattern	recogni-
tion for comprehension. On the other hand, there is the 
scientific	community’s	rejection	of	images	because	they	
forego	the	abstraction	of	a	logical	and	rigorous	non-intu-
itive reasoning that is revealed in mathematics.6

In	the	case	of	understanding	the	behavior	of	building	
systems, simulation technologies provide the means 

METHODOLOGY
The	design	process	in	the	Klimasymmetry	project	can	
be	defined	as	a	back-and-forth	between	speculation,	
material experimentation, simulation, and empirical 
testing.	This	flickering	movement	through	a	series	of	
iterations	generates	information	that	is	brought	forth	
to the next step. At the outset, there were several pre-
determined constraints, including that the general size 
of	assembled	panels	would	be	similar	to	the	scale	of	a	
person in order to provide potential positions of ther-
mal surfaces from head to toe. The size equivalency to 
a	person	provides	a	range	of	variable	geometries	to	be	
iterated	while	creating	a	compact	object	that	generates	
two different primary environments. One side of the 
object	created	a	primarily	warm	environment	and	the	
other a primarily cool one, in order to create the oppos-
ing thermal conditions to test for perceived thermal 

Figure 3: Large surface 
area creates a warm 
or cool thermal 
environment with 
strategic insertion 
of opposing thermal 
panel, according to the 
physiological analysis.

Figure 4: Continuity of 
thermal panel surface 
from one side of object 
to the other.
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comfort. The method of providing heating and cooling 
was	hydronic	tubes	embedded	into	the	surface	of	the	
panel	system,	due	to	the	efficacy	of	water	at	transferring	
heat.	In	order	to	form	a	continuous	flow	for	the	water	in	
the	tubes,	the	surfaces	were	linked	serially.	The	impli-
cations	of	the	continuity	of	flow	between	one	panel	and	
the	next	is	the	continuity	between	the	panel	geometry.	
The	result	is	the	appearance	of	one	continuous	ribbon	
surface for warm panels and a second for cool panels 
that	wrap	around	the	object	(fig.	4).	In	order	to	create	
a	warm	environment,	a	majority	of	the	surface	area	
would	need	to	be	warm	panels	and	the	opposite	true	
for	the	cool	side.	As	the	warm	ribbon	surface	wraps	
around	to	the	other	side	of	the	object	to	the	primarily	
cool	side,	the	surface	area	of	warm	panels	needed	to	be	
drastically reduced so that the cool panels could have 
greater surface area to generate the cool environment. 
Thus, the same condition was determined for the cool 
panels:	their	surface	area	would	decrease	once	the	rib-
bon	transitioned	to	the	warm	side.	The	asymmetrical	
distribution	of	the	panel	surfaces	and	thermal	behaviors	
created a hierarchical thermal condition on either side 
of	the	object	where	the	opposing	thermal	panel	would	
provide	thermal	comfort.	The	specific	geometry	of	the	
cool	and	warm	ribbons,	as	well	as	the	surface	area	for	

each, varies per design iteration.
In order to discover the thermal properties of the 

radiant panel, a series of material prototypes were 
developed	(fig.	5).	The	material	selected	for	the	panels	
was gypsum, which was determined according to its 
ubiquity	in	the	built	environment	as	a	way	of	proposing	
a	radiant	heating	and	cooling	system	that	could	be	inte-
grated	into	interior	environments	easily.	The	ability	to	
form the panels to any geometry led to the use of Glass 
Fiber	Reinforced	Gypsum	(GFRG),	which	can	be	easily	
sprayed	into	a	form.	Embedding	a	continuous	hydronic	
tube	into	the	GFRG	thermally	activates	the	panel.	The	
spacing	of	the	tube	in	the	panel	affects	the	efficacy	of	the	
gypsum	to	absorb	heat;	thus,	a	series	of	prototypes	with	
variable	density	of	hydronic	tube	testing	was	created	to	
test and determine the thermal property for the panel 
system	(fig.	6).

The operating temperatures of the empirical tests 
were input into the digital model in order to simulate a 
series of iterations that explore the implications of form 
on the surrounding thermal environment. The varia-
tions	explored	include	different	ways	to	wrap	the	panels	
from	one	side	of	the	object	to	the	other.	This	includes	
varying	the	surface	area	and	thus	adjusting	its	ability	
to radiate heat. The general rule of radiant surfaces is 

Figure 5: Material 
prototypes with 
variable density of 
hydronic tubes.

Figure 6: Infrared 
measurements 
running thermal tests 
of hot water circulating 
through the panel 
(measurement in 
Fahrenheit).

Figure 7: Design 
iterations and CFD 
simulations.



2017 TxA EMERGING DESIGN + TECHNOLOGY 1514

that	the	greater	the	surface	area,	the	more	effective	it	is	
at	heat	transfer.	The	first	iteration	started	with	a	simple	
form replicating the general rules of geometric loca-
tion according to the zones of perceived comfort from 
human	physiological	thermoreceptors.	Subsequent	
iterations	explored	the	effects	of	increasing	the	surface	
area of one temperature and decreasing the surface 
area of the other. In addition to surface area, topological 
conditions	were	introduced	to	inflect	the	panel	to	start	
to	subtly	bend	around	occupants.	As	each	generation	
was modified, it was simulated using computational 
fluid	dynamics.	The	simulation	analyzed	radiant	heat	
transfer	between	the	panels	and	the	surrounding	floor,	
wall, and ceiling enclosure, as well as convective air 
flow.	The	surrounding	room	enclosure	was	consistent	
in	size	and	assumed	to	be	concrete	material	with	an	
emissivity of .63. The gypsum panels were assigned an 
emissivity of .85, where the heating panel was assumed 
to	have	a	temperature	of	105	degrees	Fahrenheit	while	

the cool panels had a temperature of 55 degrees. Due 
to	the	intensity	of	simulation	time,	a	limited	number	of	
iterations	were	developed	(fig.	7).	The	iterative	design	
process	was	not	attempting	to	resemble	optimization,	
but	rather	searching	the	range	of	limits	and	providing	a	
family	of	options	to	compare,	filter,	and	discover	patterns	
of	behavior.	Ultimately,	iteration	seven	was	selected	as	
the	one	to	advance	into	the	prototype	phase	because	
the panel topology showed the creation of two distinct 
thermal	environments	that	could	balance	the	opposing	
thermal	panel	(fig.	8).

A single full-panel prototype was developed for empir-
ical testing. The plasticity of gypsum when sprayed as 
GFRG	allows	it	to	form	the	topology	of	the	digitally	fab-
ricated	frame	with	tensile	fabric	surface.	Since	the	final	
prototype	object	comprised	of	the	panels	is	relatively	
small, the goal was to have them self-structured. There-
fore,	the	glass	fibers	helped	to	stabilize	the	panel	as	the	
hydronic	tubes	were	embedded	within	the	GFRG	panel.	

Figure 9: GFRG 
spraying.

Figure 8: Enlarged 
view of the CFD simu-
lation for the selected 
iteration.

Figure 10: Hydronic 
tubing laid in.

Figure 11: Embedded 
hydronic tubing in 
GFRG.

Figure 12: Heating 
system.
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Figure 13: Single-panel 
prototype thermal 
test measured with 
infrared camera.

The	specific	gypsum	used	in	the	panels	is	Hydrocal	gyp-
sum cement, which has a high yield strength, fast curing 
time,	and,	when	combined	with	the	glass	fibers,	good	
thickness-to-strength ratio. The fast curing time allows 
the	panels	to	be	quickly	fabricated,	laminating	several	
layers	together	and	embedding	the	hydronic	tubes.	
The	workability	of	the	material	prefers	to	be	applied	
in a horizontal orientation and minimized vertical 
surfaces.	The	application	of	GFRG	can	be	poured,	but	
for	an	even	distribution	to	create	a	consistent	panel	
thickness, it was sprayed from a hopper gun with an 
air	compressor.	One-inch	chopped	glass	fibers	were	
distributed	on	the	surface	during	the	spraying	process	
to	ensure	random	orientation	of	the	glass	strands	(fig.	
9).	Several	layers	of	gypsum	and	glass	fiber	are	lam-
inated	to	achieve	a	minimal	thickness	of	½”,	but	also	
thick	enough	to	fully	embed	the	½”	hydronic	tubes	
(figs.	10	and	11).	

The radiant panels were supplied with hot water 
from a small water heater and water pump designed 
for radiant heating and cooling systems. The pump 
continuously circulates the hot water through the 
warm	panels	(fig.	12).	The	cooling	system	operates	
in a similar way with the water pump circulating the 
cold water, except that the heat was removed in a 
small chilled water tank housed inside a refrigerator/
freezer.	The	first	panel	was	fabricated,	connected	
to the heating and cooling system, and measured 
using	an	infrared	camera	(fig.	13).	Following	the	sin-
gle-panel	test,	the	remaining	panels	were	fabricated	
and	assembled	into	the	final	prototype.	The	system	
was allowed to operate for one hour to ensure that the 
warm	panels	were	no	longer	absorbing	heat	while	the	
cool	panels	found	a	stable	temperature.	An	infrared	
camera recorded thermal images around the proto-
type in operation.

RESULTS
The	back-and-forth	repetition	of	the	iterative	process	
between	simulation	and	testing	generated	a	collection	
of potentials that were analyzed together to reveal sev-
eral	patterns	of	behavior.	The	efficacy	of	the	thermal	
context	was	related	to	how	a	person	is	able	to	perceive	
the opposite thermal condition at the physiologically 
most	effective	location.	All	iterations	generally	located	
the	warm	panel	around	abdomen	or	chest	height	in	a	
cool environment while they also generally located the 
cool panel near head or chest height in the warm envi-
ronment.	The	specific	location,	topology	of	the	surface,	
and quantity of area varied per iteration. The series of 
iterations	and	the	patterns	of	behavior	in	the	simulations	
revealed that when the surface wraps around a space, 
it	is	more	effective	at	creating	either	the	warm	or	cool	
environment. Between the two environments, the simu-
lations showed that the warm radiant panels had greater 
effect	on	the	surrounding	context	than	the	cool	panels.	

The development of the final physical prototype 
allowed	the	ability	to	compare	the	speculation	of	the	
simulation	of	the	selected	iteration	against	the	final	built	
entity. The infrared thermal camera was used to record 
a series of images around the prototype. The camera 
used	did	not	have	the	ability	to	set	a	standard	range	
for the false color mapping, so the visualization varies 
per	image.	The	camera	was	able	to	record	the	surface	
temperatures	and	localized	surface	conditions,	but	not	
the air temperature around the panels (figs. 14–16). 
Therefore,	the	infrared	camera	was	not	able	to	give	the	
same	level	of	feedback	as	the	simulations	predicted.	The	
imaging	was	able	to	reveal	that	the	physical	prototype	
was	more	effective	in	heating	than	in	cooling	because	
the	panels	were	able	to	maintain	a	high	temperature	
(between	90	and	105	degrees	Fahrenheit)	in	the	heating	
panels compared to the cooling panels. This is related to 

the	cooling	system,	which	was	able	to	maintain	a	cold	
surface	of	62	degrees	Fahrenheit.	This	surface	tempera-
ture was less than predicted in the simulations. A larger 
cooling	system	would	be	needed	to	maintain	a	cooler	
surface temperature. 

DISCUSSION
The nature of thermal conditions is complex, and it is dif-
ficult	to	associate	the	invisibility	of	the	phenomena	with	
the design of the architectural surfaces that radiate heat 
or	absorb	it.	Simulations	and	empirical	testing	helped	to	
predict the potential impact the geometry and surface 
area had on the space surrounding the panels, provid-
ing a more informed speculation on the development of 
form	and	performance.	The	experiment	avoided	being	
overly	deterministic	by	utilizing	not	an	optimization	algo-
rithm,	but	rather	a	more	informed	process	of	co-evolving	
form	and	behavior.	Focusing	on	the	nature	of	an	archi-
tectural	surface	made	the	behavior	of	a	non-visible	
phenomena	visible	through	the	formal	geometry	as	the	
initiator of the thermal environment. Synthesizing the 
entire investigation from design to prototype revealed 
that	the	speculative	design	decisions	about	the	form	
seemed	correct,	but	running	the	simulations	and	testing	
physical	prototypes	provided	valuable	feedback	on	the	
speculation. The knowledge was generated through a 
design	process	that	flickered	back	and	forth	between	
speculation	and	testing	to	promote	a	deeply	embedded	
relationship	between	form	and	performance.

With the rise of information technologies in the design 
studio, various notions of performance-oriented archi-
tecture	have	developed.	The	term	"performance"	can	
have a wide range of meanings, from visual expression to 
analysis, to modes of production and operation.7 Upon 

investigating the nature of performance in the design 
process,	it	would	be	reductive	to	limit	the	term	to	either	
the	making	of	form	as	image-based	or	deriving	from	util-
ity as stated in the idiom “form follows function.” With 
the	influence	of	information	technologies,	the	ability	to	
fold in additional parameters such as technical utility 
into	form	generation	begins	to	challenge	the	hierarchy	
of either function or form. Rather, the conception of 
the architectural entity is more nuanced and complex, 
synthesizing	image	and	behavior.	The	theoreticians	
Eran	Neuman	and	Yasha	Grobman	coined	the	term	
Performalism	to	incorporate	both	technical	optimization	
and	perceptual	aspects	of	form	as	figure.8 Rather than 
the dichotomy of form versus function, Performalism 

Figure 14: Cool side 
of the prototype (left) 
and infrared thermal 
imaging (below).
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Figure 16: Transition 
from cool side to 
warm side of the 
prototype (left) and 
infrared thermal 
imaging (bottom).

Figure 15: Warm side 
of the prototype (right) 
and infrared thermal 
imaging (below).

seeks to consolidate the two within the process of gen-
erating	the	architectural	object.	Predicting	technical	
utility in the design process relies on analysis, and, 
with the influence of information technologies, this 
often translates into the employment of simulations. 
Branko Kolarevic and Ali Malkawi discuss the inter-
relation	between	performance	and	design	practices	
as	“blurring	the	distinction	between	geometry	and	
analysis,	between	appearance	and	performance.”	9 
This	blurring	has	an	impact	not	just	on	the	how	build-
ings	operate,	but	on	the	way	forms	are	conceived.	
The practitioner and theoretician Michael Meredith 
traces the development of a formalist approach to 
design	and	the	influence	of	analysis	and	simulation	
on	the	profession.	He	describes	how		“in	the	last	few	
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years, formalism went from geometry-as-god to per-
formance-as-god. If Eisenman would say, ‘The logic 
of geometry made me do it,’ today people would say, 
‘The sun angles made me do it.’” 10 As a critique, Martin 
Bechthold	discusses	how	engineering	has	long	been	
using	performance-based	analysis	for	optimization,	
while it is only within the last few decades that archi-
tects	have	been	exploring	performance	in	a	very	broad	
manner	and	often	as	a	way	to	justify	form.11 Rather 
than	seeking	an	alibi	for	form,	performance	collabo-
rates with expressive aspects through a speculative 
and analytical design process that quickly evolves the 
architectural entity through informed performance. 

CONCLUSION
The	Klimasymmetry	research	project	was	a	nascent	
investigation into understanding the nature of ther-
mal	surfaces	that	evolved	from	collaboration	between	
formal	expression	and	performative	behavior.	The	
iterative	design	process	provided	feedback	between	
speculation	and	analysis	that	made	it	possible	to	
visualize what are typically non-visual phenomena. 
The	ability	to	predict	and	measure	thermal	conditions	
and rendering with spatial implications increases 
their	potential	to	become	architectural	materials	
used in design with an importance similar to that 
of walls, windows, or floors. Thus, the inclusion of 
architecture’s soft, dynamic environmental elements 
expands	the	possible	mediums	with	which	to	design.	
While	the	feedback	between	simulation	and	empiri-
cal	testing	will	increase	efficiency	and	predictability,	
the opportunity to open new territory for conceptual 
exploration has greater potential to impact the archi-
tectural profession. 




