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mass, engaging the geometries of the object to intelli-
gently deploy its own mass to perform tasks has great 
potentials for architecture.

INTRODUCTION
The greatest mysteries of Megalithic era construction 
surround transportation from quarry to site and the 
conundrum of erection (Hunt 2012)(Dibner 1950). 
It is thought that the bluestones of Stonehenge were 
floated up the river Avon with animal bladders (Parker
2006). This practical solution provokes perception in 
delivering a floating stone.What would it mean to float
a stone today? The Buoy Stone is calibrated to rest on 
its side for ahorizontal commuteunder lowbridges (fig.
1), then transform intoavertical figureoncepumped full
of river water (fig. 2).

Megalithic civilizations held tremendous knowledge 
surrounding the deceivingly simple task of moving 
heavy objects. Much of this knowledge has been lost 
to us from the past. This paper mines, extracts, and 
experiments with this knowledge to test what applica-
tions and correlations it holds with contemporary digital 
practice. It describes in detail the design constraints, 
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Figure 1: Buoy Stone in 
the horizontal towing 
position.



2018 TxA EMERGING DESIGN + TECHNOLOGY 2928

Figure 2: (Clockwise 
from top left) Series 
of images of the 
erection process. The 
reservoir is slowly 
filling and shifting 
the center of mass to 
stand vertically.

Figure 3: Recursion 
solver buoyancy 
simulation process.

computation, and fabrication of a prototype. It then 
analyzes the integration of a custom-developed 
buoyancy simulation to solve for geometries that per-
form in water when loaded. These goal performances 
serve to prove whether the simulation and physical 
results are in sync. The paper then elaborates on some 
of the shortcomings and areas of future development. 
While this way of thinking has great potentials in think-
ing about structure, gravity, and mass, engaging the 
geometries of the object to intelligently deploy its own 

mass to perform tasks has great potentials for archi-
tecture. This silly installation seeks to exercise some of 
these potentials.

As experiment, this research develops design, com-
putation, simulation (fig. 3), and fabrication methods
to perform challenges of a 20-ft-tall megalith. These 
challenges include floating horizontally and swimming
vertically. The Buoy Stone is an experiment in calibrating 
the center of mass of an object to perform in a buoyant 
state. Through recursion computation, the designer 

is able to develop a design in sync with the physical 
constraints of buoyancy, or, rather, the equilibrium 
between the mass of an object and the displaced vol-
ume of water.

The simple act of beginning in a horizontal position 
and then standing in a vertical position (fig. 4) is the
simple yet complex challenge the Buoy Stone
attempts to perform. A prior iteration (Clifford 2016)
of this research conducted a similar challenge of 
horizontal to vertical on land, but the constraints of a 
rigid body calculation versus a buoyancy calculation 
differ tremendously. As a diptych, they offer a helpful
comparison to examine the challenges and shortcom-
ings while projecting alternative possibilities beyond 
these singular experiments to inform assemblies. This 
paper describes the means and methods of computa-
tion, design, and fabrication. It examines the outcomes 
of the prototypes and speaks to missed opportunities 
and variations between the two. It also verifies when
the simulated and actual results align and misalign 
in order to point to possible solutions. In testing this 
hypothesis, it raises many questions about the rela-
tionship between form and the physical world. In addi-
tion, it projects practical applications of such reciproc-
ity between architectural desires and the computation 

of an object’s center of mass. While these prototypes 
test the speculative and spectacular nature of such a 
way of thinking, they also point to practical potentials 
in self-erecting architectures.

CONTEXT
This research contributes to ongoing efforts around 
the integration of physics-based solvers into the design 
process. While these contributions begin with early 
megalithic cultures, they have continued through the 
works of physically minded architects such as Frei 
Otto (Rasch 1996), Heinz Isler (Isler 1960), and Antoni 
Gaudí (Burry 2007). Each of these contributors focus on 
physics constraints as a force to derive idealized form-
found solutions. This lineage continued into the digital 
computation arena with research that incorporated 
particle-spring systems to resolve catenary forms by 
Axel Kilian and John Ochsendorf (Kilian 2005), or the 
ongoing work of the Block Research Group with proj-
ects like RhinoVAULT that contribute to the efficient 
stasis of form through other methods of computed 
form-finding (Block 2017).Another recent contributor
to this space is the program Kangaroo, by Daniel Piker 
(Piker 2016), which integrate physics into a calculation in 
a less focused manner, resulting in a plethora of potential 

Figure 4: The Buoy 
Stone in the final 
vertical position.
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three people. At this time, the EPS foam weighs 278 lbs, 
and the first half of the glass fiber reinforced concrete
(GFRC) weighs 486 lbs, for a grand total of 764 lbs. This 
design constraint determined the maximum height of 
the megalith relative to the fulcrum point, or the waist 
of the belly. Figure 5 demonstrates this calculation. In 
addition, other constraints, such as maximum trailer 
dimensions, narrow gates, and the CNC dimensions, 
also played a role in the form generation.

1.2 Performance Constraints
Thefirst constraintof theperformance is simply launch-
ing the Buoy Stone from a trailer into the water on a boat 
ramp. The Buoy Stone is towed by land on its side and 
thus launched into water in this orientation. The solver 
verified the approximate angle the Buoy Stone would
like to rest in the water, and it was mounted to the trailer 
at this angle to reduce any violent rolling once the buoy-
ancy took over. Themost significant constraints of the
transportation and performance of the megalith are 
determined by the Charles River itself. The launching 
point is three miles away from the performance location 
and requires a tow under a series of low bridges, through 
a set of locks, and to the mooring location, which has 
high silt. At low tide, the bridges offer 8 ft of clearance
from the water to the underside of the bridge. As a result, 
the Buoy Stone is designed to be towed on its side and 
must not extend out of the water higher than 8 ft. This 
horizontal towing then resulted in an orientation of the 
eye-hole to be perpendicular to the face to act as a “rud-
der” steering the megalith in the water. Once in position, 
the river is only 10 ft deep before the Buoy Stone might 
hit silt. The concern with this depth is that the silt might 
hold the Buoy Stone down if the loading sent it deep 

outcomes. This paper contributes to these efforts by
going beyond the assumption of statics as a solution in 
order to ask questions about what potentials mass can 
contribute to the assembly and erecting of architectures 
to come. It engages a megalithic way of thinking that 
requires an intimate relationship between designer and 
center of mass. In doing so, it questions conventional 
disciplinary notions of stasis and efficiency.

DESIGN CONSTRAINTS
The Buoy Stone is designed to accommodate a num-
ber of design constraints. These constraints include the 
conventional problems of fabrication, assembly, and 
transportation, but they also include the performance 
criteria, which begin with the megalith dipping into the 
water. These constraints include the problem of launch-
ing from a trailer into the water, transporting up the river, 
pre-loading into a safe condition, standing vertically, and 
lowering safely.

1.1 Fabrication and Transportation Constraints
One of the largest challenges of the previous mega-
lith is that the form was not designed for the process 
of fabrication, but rather designed exclusively for the 
performance itself. In that respect, the Buoy Stone
attempts to resolve one of the largest complexities of 
the prior work by engaging the problem of coating the 
megalith and rotating it over to the uncoated side. This 
lopsided mass produces a rather violent act. The Buoy 
Stone resolves this problem with a round belly geometry 
that allows the form to slowly rotate with a set of con-
trolled drops, or rolls. The megalith is calculated so that 
once it is loaded on one half with concrete, the head of 
the megalith should be light enough to be supported by 

Figure 5: A drawing 
of the fabrication 
rotation lever arm. This 
orientation describes 
the process of rotating 
the megalith over to 
the other side so the 
process of applying 
the GFRC can cover 
the megalith.

enough. The calculations ensured that the simulation 
never reached a depth deeper than 8 ft, to be safe. These 
general dimensions served to inform the megalith’s form 
and mass throughout the simulations and solving.
Anumber of self-inflicted constraints also surround

the performance of the megalith. The first is inherited
from the transportation, and that is that the megalith will 
begin on its side. It then drinks river water and rotates 
onto its back with a counterweight attached to its eye-
hole. Once in position, this pre-loaded megalith will be 
released from its counterweight with a release shackle, 
quickly sending the Buoy Stone to its vertical standing 
position. While these are the intended constraints and 
criteria for the performance, see the “Results” section 
to learn how the Buoy Stone actually performed.

COMPUTATION
A previous version of this megalith employed a recur-
sion solver to adjust the form of the object to drive 
the center of mass to a desired location. While that 
method performed well, it did not simulate the hypo-
thetical performance of the megalith. Instead, physical 
prototypes were employed to verify expectations and 
unearth unexpected results. In order to further this 
line of research, the Buoy Stone incorporates a custom 
recursion solver to simulate the buoyancy of a given 
form in a variety of loaded conditions.

1.3 Buoyancy Simulation
The principle of Archimedes (of Syracuse c. 287–212 
BC)definesbuoyancyequilibriumthrough two forces—
the center of mass of the object, and the center of 
buoyancy, which is equal to the center of mass of the 
displaced water by said object. If an object were ideally 
symmetric, like a sphere, a simulation could occur in one 
dimension. Perhaps simulation is not even necessary in 
this instance. One could raise or lower the water level rel-
ative to the object until the mass of the displaced water 
is equal to themassof the object (fig.6).More complex
forms require a form of simulation to resolve their final
state of equilibrium because their complex geometries 
might, if not often, create a center of buoyancy that 
is not directly below the center of mass, resulting in a 
rotational moment. This rotation rotates the object in 

the water until a new center of buoyancy is pulled to 
the other side of the center of mass, producing what is 
called a “riding-moment,” which corrects for the rota-
tion and sends the object back in the other direction. 
Given this three-dimensional complexity, a simulation 
that incorporates momentum and angular velocity is 
desired to predict the behavior of the object. Beyond this 
complexity, prototypes proved that where an object is 
released from will greatly impact the final equilibrium
state it reaches. Consider a boat that is simulated upside 
down:The likelihood that it flips over is unlikely.
The calculation first needs to determine the location

and force of the center of mass, as well as the center of 
buoyancy. The center of mass is determined by a num-
ber of forces aggregated. The first is calculated by the
surface area of the form multiplied by the density of the 
GFRC, in order to approximate the centroid of the shell.  
It then locates the volume centroid of the EPS foam and 
multiplies that location by the density of foam. It then 
adds in any other forces, such as the water ballast, in a 
similarmannerandaggregates thesemasses tofind the
weighted center of mass of the object. To determine the 
center of buoyancy, it employs a Boolean union calcula-
tion of the object relative to a horizontal that represents 
the riverwater,which isassumed tobeflat.ThisBoolean
union is occasionally a single volume but can also create 
two distance volumes. In this event, the calculation has 
to accommodate the complex hull scenario and produce 
a new weighted average center of buoyancy of the two 
or more separate volumes. This brings new meaning to 
the origins of this calculation. 
Once these two forces are calculated, the difference

between the x, y, and z locations of these two lump 
masses is computed, and an angular displacement 
is created. This angular displacement repositions the 
object, enters into a loop, recursively recalculates the 
new center of buoyancy, and repeats these steps. In 
order to determine the step, an increment is determined 
tomultiply eachstepbyadifference factor, resulting in a
simulation that predetermines momentum.

INFORMED GEOMETRY
The Buoy Stone rests in three distinct states of buoyancy 
equilibrium—unloaded, pre-loaded, and loaded. These 

Figure 6: Buoyancy 
diagram describing 
the location of the 
center of mass and 
center of buoyancy, 
in equilibrium on the 
left and displaced on 
the right.
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Figure 7: A diagram 
describing the various 
geometries.

three conditions also produce three states of being—
on its side, on its back, and standing up. A number of 
geometries (fig.7) contribute to ensuring eachof these
conditions meet their own performance criteria.

1.4 Unloaded/On Its Side
In this position, the Buoy Stone weighs only 1,250 lbs. 
This mass was verified after the concrete cured with a
set of scales and was re-incorporated into the simula-
tion in order to determine the amount of counter mass 
required. In this position, the Buoy Stone needs to rest 
as low and as stable as possible. The face is intention-
ally narrow to provide a large flat surface to continually
stabilize the Buoy Stone in this orientation. The eye-hole 
is also designed to serve as a stability rudder during 
towing. Each of these conditions are simulated and 
prototyped to check for stability. While this position 
contributes to a number of the constraint criteria, it 
is also the easiest to solve for, placing the onus of the 
burden on the following two conditions.

1.5 Pre-Loaded/On Its Back
In order to re-load the megalith for a quick standing, a 
counter mass is attached to the top, or eye-hole, while a 
set of steel shot weights are hung from the bottom hole. 
These weights offer an additional level of calibration

to the process of standing the megalith, as the final 
mass is not known until it is weighted after fabrication. 
The most complex geometry to ensure that the per-
formance of this pre-loading rolls the megalith onto its 
back is the bladder ballast geometry. A hollow inside 
the belly of the megalith is formed in the shape of a 
limabean. Insteadof filling this hollowentirelywith river
water, the Buoy Stone is calculated to perform when 
partially filled. This is because the water is allowed to
slosh inside this ballast geometry to result in a new 
loading geometry in each of the positions. This internal 
geometry extends up onto the back side of the Buoy 
Stone but is rotationally symmetric from the waist 
down to the bottom. What this means is, if starting 
on its side, the Buoy Stone fills this chamber of water
and the morphed back side sloshes water more to the 
back, resulting in a rotation force pulling the megalith 
onto its back (fig. 10), but the counter mass does not
allow for the megalith to stand up. Instead, it reaches an 
equilibrium state that strikes a horizontal, with its head 
out of the water. Figure 9 describes this position. In this 
position, the entire megalith, with its counter mass and 
ballast of water, weighs 6,679 lbs.

1.6 Loaded/Standing
In order to get the Buoy Stone to stand vertically in 
the water with such a significant percentage of the 
object still outside of the water, in such low depths of 
water, the lower portion is significantly larger than the
upper, by volume. The proportions of the head appear 
large but are rather flat (also resolving the horizontal
stability). This lowers the center of mass considerably 
and below the waste of the belly when loaded. This low 
center of mass contributes to the force required to 
stand up, but the two large issues once in that position 
are balance and righting. The balance is determined 
by solving for a head geometry that pulls the center of 
mass directly over the axis the lower geometry is dedi-
cated to. This solver is identical to the prior research. It 
drives the center of mass by adjusting a series of con-
trol points in the final form of the head.Once this form
is determined, the lower portion needs to ensure that 
a righting moment is produced if the megalith starts 
to fall in one direction or the other.A very slight flaring
to the geometry extends out the curvature continuity 
and expands the curvature. Figure 12 demonstrates 
this geometry. The result of this slight variation to the 
otherwise symmetric base geometry is a rapid righting 
moment, which corrects for any instability once loaded 
and standing. In this position, the Buoy Stone weighs 
6,679 lbs.

FABRICATION
The Buoy Stone is fabricated of CNC-milled expanded 
polystyrene (EPS) blocks that are coated in a 

Figure 8: The 
unloaded, on-
side position.

Figure 10: A diagram 
of the ballast hollow 
geometry that allows 
a partial fill of water 
to redirect the thrust 
behind the central 
axis. The right image 
demonstrates how 
the center of mass 
shifts in two different 
orientations. The left 
demonstrates those 
same two centers 
of mass.

Figure 9: The 
pre-loaded, on-
back position.
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½-inch-thick layer of GFRC. While this process is rather 
identical to the previous megalith, a difference exists
with the interior hollow, which has a waterproofing 
bladder coated from the interior before the two halves 
of the megalith are glued together. The seam between 
these two parts is waterproofed with an expanding seal-
ant during the glue process. As a result of the process, 
the megalith also needs a way to “drink” water from the 
river and then “pee” that water back out in order to safely 
lower back onto its side after the performance. In order 
to do this, a submersible pump is located inside the 
hollow and connected to a plug that allows the team 
to attach a car battery with an umbilical cord to turn on 
the pump from a safe distance.

RESULTS AND PERFORMANCE
While the Buoy Stone performed in significant ways 
and safely, a number of unexpected results emerged 
through the full-scale prototype. One unexpected result 
is the massive shift in cadence in the unloaded and 
loaded conditions. Naturally, as a result of the incredi-
ble difference inmass, theBuoy Stone bounced rapidly 
on its side, constantly being hit by waves and ripples of 
the Charles River. This produced an extremely animated 
stone that was also reorienting itself to the mooring 
depending on the current and wind speed at the time. 
It acted similar to a bouncy weather vein. However, 
once loaded, this behemoth in the water acted unlike 
any boat or object. It was neither static nor receptive 
to the minor shifts in wave, current, or wind. It slowed 
considerably, resisting wave impacts. This dramatic 
shift in character is of interest for further exploration, 
as it was not incorporated into the simulation. The 
simulation did not account for waves, current, or wind, 
but also did not adjust the momentum to account for 
the differences inmass. Further research could exploit
this animate possibility as a design driver through this 
computation toolset.

Another unexpected result surrounds the ominous 
erecting of the Buoy Stone, beginning with the pre-
loaded condition described above. Everything went 
to plan with the pre-loading. The counterweight was 
filled with water and attached to the eye-hole with a 
release shackle. That release shackle was also safely 
secured to its own lead-line mini-lith. The belly was then 
pumped with River Water at a pre-determined pace, 
and a four-hour timer was set to know when the appro-
priate amount of water had pre-loaded the megalith. 
At that point in time, the megalith should have slowly 
rolled onto its back and lifted its head out of the water, 
striking a horizontal. Unfortunately, this did not happen. 
Instead, the belly did lower into the water, but it did not 
roll or lift the head. It appeared as if the megalith was 
simply lowering into the water. At this point, it became 
clear that the counter mass was not loaded and there-
fore not contributing to the safety of a miraculous rapid 

Figure 11: The loaded, 
standing position.

Figure 12: A diagram 
of the lower geometry 
that maintains a 
spherical geometry 
which flairs outward 
around the waist to 
produce a righting 
moment, thus stabiliz-
ing the megalith 
when standing.

standing of the Buoy Stone. It was detached, and the 
team retreated as the sun set. The following day, upon 
our return, the Buoy Stone had miraculously started to 
stand a bit more vertically in the water! It was roughly at 
a 45-degree angle to the waterline. The team took this 
as a partial improvement. Eventually, the Buoy Stone
did stand, but only after more than two weeks. Some 
real-world factors contributed to this extremely slow 
erection and were not accounted for in the simulations. 
Thefirstwas that,as themegalithhadbeen towedon its
side and moored for a couple of weeks, it has soaked up 
a considerable amount of water on one half of its face. 
It had also acquired some nasty river gunk as well as 
some living organisms that quickly grabbed onto this 
rough texture.
While the teamcould see this on the first day, a large

amount of this living matter had released overnight, and 
most of the water had evaporated, lightening the head of 
the megalith to allow for a bit more of a standing position. 
This incremental process allowed for a little more stand-
ing, and a little more evaporation, until it ultimately found 
its intended vertical position.While the first megalith
was a relatively rapid erection of just a few minutes, the 
intention of this megalith to be instantaneous through 
a re-loading resulted in a significantly slower megalith
that transformed through time. While this unintended 
consequence of the complex environmental condition 
produced a new temporality, future research could 
incorporate this scale of time to incorporate cycles of 
the weather as a driving force of self-assembled archi-
tectures to come.
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Figure 13: The 
Buoy Stone in the 
standing position.




