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Abstract
An awkward interface exists between the structure and skin of complex architecture. The primary structure is
typically allowed much higher tolerance ranges than that of the cladding industry, due primarily to the delicate
nature of the building envelope which, above all, must prevent water penetration and meet the aesthetic
requirements of the architect and client. As architecture has integrated advanced design and fabrication
techniques to realize increasingly complex shapes, this problem has been aggravated because of the tangency
requirements for high gloss curved finish surfaces and the larger variations found with rolled steel columns
and undulating concrete forms. To date, most innovations in this area have been focused upon mechanical
connections that can be adjusted and shimmed, thus requiring increased design engineering and on-site labor
costs for effective implementation. It would be preferable to manufacture cladding components that are properly
adjusted to the actual site conditions, negating the need to predict and accommodate potential dimensional
variation with complex connections. The research provides a model for implementing long distance laser
scanning technology to facilitate a real-time parametric BIM, herein called an Isomodel.
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Introduction
The modern face of architecture comes
prepackaged as curtain wall cladding units. When
assembled, these disparate components synergize
into an epidermal edifice and thus perform as a
complete building skin. The requirements of
curtain wall cladding cover a broad spectrum of
performance criteria: structural, environmental,
and aesthetic. It is, therefore, imperative to design
and construct skin that fits its skeleton. As this
paper will demonstrate, the dimensional criticality
inferred by the term ‘fit’ is driven primarily by
the latter aesthetic criteria. The precise nature of
tolerances involved when detailing cladding
systems will be addressed in addition to the
dilemmas that such tolerances, and the disparity
thereof, have presented. The hypothesis seeks to
resolve these antagonizing construction problems
through the use of an Isomodel. An Isomodel is a
parametric BIM that receives real-time coordinate
input from the actual building as it is constructed.
Therefore it is possible to fabricate the cladding
system to fit a variable structure without the costly
need for adjustability.
This paper presents a method to (1) parameterize
the BIM for metrological input and (2) implement
current long range laser scanning technologies for
obtaining real-time as-built data to support the
fabrication, erection, and quality control of
cladding envelopes. Finally, the overall impact
of an Isomodel segues into a larger speculative
environment that considers the vastly more
theoretical potentials of as-built data relative to
the ongoing discourse of digital tectonics.
Problem Background
The state of the art in building technology is
dominated by top-down processes wherein a
computer model simply feeds data to a CNC device
for production and provides a theoretical
framework for erection locations. In order for the
architect to truly assume the role of the master
builder, a means to integrate construction feedback
into contemporary CAD/CAM processes must be
established. Building Information Modeling
(BIM) has come a long way to provide detailed
information that allows for custom components
to be designed, fabricated and erected to fit within
a precision building assembly. These components
are, however, fabricated to fit a digital design that
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resides in an environment without gravity, rain,
cold, and, most onerously, less than perfect
humans. Until all of these variables are properly
factored into the BIM, or until the entire building
is constructed in the confines of an
environmentally controlled and automated
assembly plant, the as-built structure will never
equal the design intent. Therefore an entire
language has been formalized to quantify this
unavoidable and most problematic of construction
dogmas: tolerances.
Tolerances are, by definition, the allowable
dimensional limits of any material or the location
of that material in an assembly. The range of
permissible tolerances and the precision of their
definitions vary greatly between industries, and
are generally extracted from a reasonable
consideration of quality, cost, and construction
feasibility (Ballast, 1994). The construction
industry allows the largest variation of tolerances;
from thousandths of an inch for prefabricated
window systems to several inches for on-site
concrete work.
This disparity has been aggravated by the
increased geometric complexity of building
enclosures. Reflective and curvaceous envelopes
require a high level of continuity, approaching the
level of sophistication employed by the automotive
industry.1 Failure to maintain tangency can lead
to undesirable visual results, such as stepped
surfaces. In an effort to keep pace, the steel and
concrete contractors, who are notorious for being
out of tolerance on rectangular frame structures,
are trying to convert old mills into modern
precision plants to accommodate the complexity
of contemporary designs. This difficult process
is reflected in the typical allowable tolerances of
milled steel sections which are even greater for
radius sections. Curved beams and columns are
finding an increasing use in contemporary designs,
but the resolution of their fabrication has not
developed accordingly. CNC cutting the webs can
produce relatively accurate steel members, but the
cost often precludes this option. Rolling steel
members into a radius is much cheaper, but shape
limitations and the standard deviation from the
target dimension is quite high. Radius tolerances,
in fact, are not even established in the AISC Steel
Design manual. In practice, they are often in the
range of 80mm for 8 meter lengths rolled the hard
way in a 450 mm deep section.
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Whereas the language of tolerances can merely
define and quantify the problem, the dimensional
disparity must still be accommodated. When
connecting the envelope to the structure, it would
be desirable to employ one common rigid anchor
for all cases, however rather complex solutions
have been perpetually reinvented since the advent
of curtain wall cladding systems (Figure 1.) The
conundrum is such that maximum flexibility is
desired until the precise location is set, at which
time maximum structural capacity becomes the
critical factor. Furthermore, locating the cladding
units is itself a tedious process. In typical high
rise construction, which has thousands of anchors,
the anchors are roughly pre-adjusted by relative
measurements from the supporting structure. The

cladding is erected, and then the anchors are postadjusted to get the panels properly aligned. This
process of adjusting cladding panels after erection
often leads to skewed window openings which
then require further shimming (NAAMM, 1960).
The means to verify the design intent of
increasingly complex building envelopes has
become paramount to many architectural practices.
Long distance coordinate measuring systems have
been applied in a limited number of recent building
projects to more accurately position traditional
anchorage and to ensure the quality control of the
finish surface, but have yet to be seamlessly
integrated into an as-built Building Information
Model to obviate such tasks. Furthermore, the

Figure 1. Typical Cladding Anchors
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thrust of current research into long range laser
scanning technology is focused on a top-down
approach that seeks to provide holistic information
of construction progress, part locations and
automated defect detection, for project
management or automating erection and
excavation equipment (Boukamp, 2004 &
Witzgall, 2001). Such methods typically
concentrate on the comparative analysis of large
point clouds (with hopes that advances in object
recognition can help to automate this process) to
determine areas of concern, however no course
of corrective action is discussed (Shih, 2004 &
Gordon, 2003). The difficulty, however, in terms
of construction, does not wholly lie in obtaining
surface data (although a system to quickly obtain
and analyze complete surface data on a job site
does not yet exist) but rather in analyzing the asbuilt data relative to the design intent. If two
surfaces, such as the top face of a steel beam and
the bottom face of a concrete slab, are supposed
to be coincident and are not, how is this disparity
quantified? There are means of analyzing surface
data built within certain software environments
(Figure 2), however there is not a protocol for
communicating the distance between two surfaces,
or a means for corrective action.
Whereas the as-built location of every component
might be of interest to the general contractor, the
cladding manufacturer is simply concerned about
the points where the cladding connects to the
supporting structure, and the architect just wants
to ensure that the finish surface meets design
intent. The requisite technological horsepower can
be greatly diminished by integrating a bottom-up
approach.

Case Study: M.I.T. Stata Center
Gehry Partners’ M.I.T Stata Center, recently
completed in 2004, offers a good look at the state
of the art in designing, fabricating, and erecting
complex curtain wall systems.2 As much as 25%
of the design time for the structural metal cladding
on the Stata Center was spent on a deterministic
tectonic level developing two connection systems
(for steel and concrete) that could adjust in three
principle directions to connect to the primary
structure, but still accommodate seismic
requirements and shear forces due to gravity and
more significantly, wind.3 The tolerances for the
concrete contractor were in the range of ±1",
however some areas were out by as much as 3"
due to settlement. The structural steel had a similar
tolerance, but by the time the columns were rolled
to the specified radius and subsequently erected,
they were wildly inaccurate. Loose tolerances
were not allowed for external cladding, however,
where environmental protection and aesthetic
considerations do not allow for large gaps.
An ArcSecond Inc. Vulcan© long-range laser
positioning system was used to locate the as-built
anchor points and adjust the anchorage systems
in-situ. This system consists of four primary units:
two laser transmission stations, a locating wand
with two receivers at each end, and a PDA that
records the location points. The laser transmitters
are set up and calibrated to the coordinate system
of the job site, which is congruent to the digital
model. The transmitters send a modulated infrared
signal to the location wand, and the 3d position is
triangulated according to the angle and distance
to the transmitters. It thus requires line of sight
operation between the locating wand and both
transmitters. Metrological devices such as this are
quite accurate, with a standard deviation of 2-10
mm over 100m, (Lindfors, 1999) but require set
up time to calibrate the two laser transmitters
(which must be successively positioned around the
job site to ensure line of sight operation) and a
human operator must physically contact the point
to be measured (Figure 3). Considering that there
were over 1200 anchors on the Stata Center, and
each anchor required at least two location points,
this operation was obviously tedious. The as-built
anchor coordinates were recorded in a separate
as-built digital model, however they were never
integrated into the active master model.

Figure 2. Surface Deviation Analysis
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Figure 3. Measuring Coordinates

Figure 5. Cladding Units

Figure 4. Steel Anchors

Unfortunately, many of the anchorage locations
on the steel superstructure were unreachable by
this means, therefore accurate position data could
not obtained to precisely adjust the anchorage
systems employed (Figure 4). Because the finish
surface was clad in high gloss white powder coated
aluminum, the lack of tangency and curvature
continuity between the constituent cladding panels
was visually apparent (Figures 5, 6).
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Figure 6. Visible Discontinuities
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Integrating As-Built Structural Data
The process of designing and building cladding
systems with as-built data begins with the B.I.M.
(Figure 7). This model must be parameterized in
a rather specific way to facilitate the Isomodel,
which is later presented. Generally, the B.I.M
facilitates the design, fabrication, and erection of
the primary building elements. A long range laser
scanning instrument (Ladar, Lidar, Total Station,
etc.) is located on the job site, and can be used to
locate the structure as accurately as possible within
the given tolerance. The surveying instrument then
records point data from the structure, which are
the nodes to which the cladding panels will
eventually attach. The coordinates of these points
are uploaded to a database, from which the
Isomodel receives its parametric input. The
Isomodel performs as an interface between the real
and virtual; all subsequent assemblies that attach
to the primary structure can be fabricated to fit
the as-built conditions (as far as lead times might
allow.)

The anchorage for the cladding components can
then be greatly simplified to a fixed design because
no further adjustment will be necessary to ensure
a smooth, continuous surface per the design intent.
The surveying instrument can also serve as a
quality control tool to verify the surface location
after the cladding is erected. Other immediate
possibilities include the use of the as-built data to
analyze deviations, and determine if tolerance
allowances have been exceeded (Akinci, 2004).
This could provide critical data for the architect,
contractor, client, and the sub-contractors in any
pending litigation.
The Isomodel operates on two primary concepts:
1. Minimize the required physical data.
2. Integrate the physical data as the
parametric datum in the BIM.
Looking at the tolerance problem from an
application specific domain is imperative. If the

Figure 7. As-Built Structural Data Implementation
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cladding attaches to a wide flange steel column,
then it is not important to have complete surface
data of the column, but rather only the location of
the connection node. With this conceptual step,
the required physical data can theoretically be
reduced to the three coordinate variables of a
single geometric point. Such a reduction is
achieved because there is information coming
from both the top-down (digital to physical) as
well as bottom-up (physical to digital). The basic
parameters for digitally modeling cladding
systems are the exterior envelope (supplied as
surface geometry in the BIM) and the physical
connection nodes. Because the actual anchorage
has location and orientation (six degrees of
freedom), a local coordinate system must be
established at each unique connection node and
any coordinate system can be reduced to three
points (whether in the form of two intersecting
lines, a vector and a plane, etc.) Therefore if the
as-built location point is provided in the Isomodel,
a vector normal to the exterior surface through
that point creates one line, and a vector from the
as-built point in the direction of gravity (i.e. the
dead load of the cladding) provides another line,
thus establishing a local coordinate system. In
the case of curved cladding systems, there could
be multiple possible lines normal to the surface
through the as-built point. For such occasions, a
simple least distances script could determine the
best option. The important concept here is that
the process has been reduced to its theoretical
minimum requirements and is no longer restrained
to a linear flow from digital model to construction,
but incorporates a true bi-directional design/build
process.
Of course this approach necessitates a specific yet
standardized hardware design for the anchorage
system to support the data acquisition and erection
process. The envisioned design resembles a ballhitch commonly found on pickup trucks, used to
tow light trailers. In the case of a steel structure,
this connection node is welded directly to the
supporting structure in the steel mill. Such
methods are commonly employed by the simple
means of pulling a tape measure along the length
of columns and beams, marking the locations
(typically supplied in BIM derived drawings), and
subsequently welding the anchors in place. Thus
when the steel components are shipped to the site
and erected, the connecting nodes are already in
place. The absolute coordinates of the nodes can
be predicted by the BIM to exist within a given
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sphere of space, the radius of which equals the
maximum allowable tolerance. Therefore a servoactuated Lidar system employed on the building
sight can be programmed to automatically scan
only those areas and return the surface data of the
connection node.
With the raw surface data, the goal is then to
extract the geometrical center. At the Digitizing
Laboratory at the Harvard Design School, steps
were taken to automate this rationalization process
utilizing a Minolta Vivid 700 laser scanner. The
spherical portion of the anchor was painted a
contrasting color in an effort to isolate only the
desired surface (Figure 8). The hypothesis was
that the points within the point cloud surface data
could be attributed with their associative color
value (in this case, an 8 bit value ranging from 0255) and the points outside of the given range
would be eliminated. The specular highlights and
shadowed areas proved to be problematic
however, so this step was conducted manually.
With the spherical area isolated, a NURBS surface
was mapped onto the raw data in order to provide
a smoother interpolated surface (Figure 9).
Given a smooth hemisphere, any line drawn
normal to the surface in the direction of negative
Gaussian curvature with a known radius value will
obtain the center point. Considering that there is
inevitable deviation that occurs with the physical
data, more accuracy can be obtained by using
multiple points. Reference geometry is projected
onto the surface to establish three geodesic points,
from which the normal lines are drawn to the
radius value. The three endpoints provide more
accuracy without a significant increase in
complexity; they all inevitably lie on a common
plane and there are only two possible connections
between each point. This ensures a non selfintersecting polygon, in this case, a triangle. A
simple trigonometric script then determines the
center of the triangle and thus establishes the point
connection node.
These points, the dynamic variables coming from
the physical world, comprise the datum by which
the parametric hierarchy of the building skin must
be rigorously defined. Therefore when the B.I.M
is first modeled, all geometries related to the
cladding system must be defined exclusively by
the connection nodes (as defined in the database)
and the virtual surface geometry. Then, when the
as-built connection node data is uploaded to the
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database, the cladding in the B.I.M. model will
automatically update to the actual conditions.

Figure 8. Raw Scan Data of connector node

Future Research
The method presented for obtaining as-built
connection nodes proved effective in the
laboratory, however the Lidar technology
necessary to accurately scan such small connection
nodes at ranges of 50+ meters is quite expensive.
Beyond this, any means to avoid point cloud data
would be preferable in order to reduce the post
processing requirements. For these reasons, an
alternative method is being developed. This
method employs a servo-actuated Total Station,
which is already a familiar tool on job-sites, and
it has been shown to provide the cheapest per
project and complete life-cycle costs (Lindfors,
1999). It is able to obtain accurate single point
data at long ranges and can operate autonomously.
In this scenario, location stickers that consist of
three reflector targets would be placed upon the
primary structure before erection (at least in the
case of precast concrete and steel), similar to the
process of the connection nodes. The automated
Total Station would then proceed to scan until it
registered three reflector targets, which establish
the connection point and plane of each connection
node. Further research into this method will be
conducted on project sites.
Conclusions and Theoretical Remarks
Ultimately it is clear that knowing the precise
location of the as-built supporting structure, and
integrating that data into an Isomodel to produce
rigid anchorage that needs no further adjustment
can yield the following benefits:

•
•
•
•
•
•
•
Figure 9. Smoothed Surface with normals drawn
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Reduce the complexity of designing
cladding anchors
Reduce the complexity of fabricating
cladding anchors
Eliminate on-site adjustment
Increase erection speed of cladding
Eliminate the need for window frame
shimming due to panel distortion
Increased erection speed of steel, because
the tolerances, at least for benefit of the
cladding, can be more forgiving.
Reduction of clearance space between
the cladding and exterior face of
structure.
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More important, however, are the larger
speculative questions that arise in the context of
craft and CAD/CAM. There seems to be a
premature obsession with precision when complex
geometries are concerned, and indeed it is
undeniable that the precision of the enabling CAD/
CAM technologies have made complexity
feasible. It must be stressed, however, that a
building is only precise as its most inaccurate part.
Thus the assembly of precise components requires
precise techniques, because custom assemblies are
not conducive to efficient modifications on site.
Craft traditionally functioned as an iteration of
multiple processes, each carried out by successive
trades. This natural feedback process allowed for
variations to be accommodated by low level
control as the work progressed, so that the architect
did not have to be concerned with every
imperfection in construction (Brooks, 2004). As
the assemblies become more exact and complex,
the potential of low level control is diminished,
so the architect must predict potential problems
that continually arise on chaotic building sites.
This refers to the ‘top-down’ approach of current
B.I.M methodology. The more exact the design
is defined, the more it must be controlled.

CAM techniques could be informed and perhaps
improved by the process of craft. The complexities
of haptic feedback, as-built adjustments and
material interface are becoming critical concepts
in realizing an increasingly articulated
morphological architecture.
Notes
1. In reference to G0 (coincident), G1 (tangent), and
G2 (curvature) continuity standards for Class “A”
Automotive Surfaces.
2. The author worked for A. Zahner Company as a
design engineer developing the metal cladding systems
for the M.I.T. Stata Center.
3. It should be noted that for systems with standardized
cladding panel types, the engineering time spent on
adjustable anchor design approaches the range of 3545%.
4. This premise can be compared to Cyril Smith’s

assertion, “The craftsman can compensate for
differences in the qualities of his material, for he
can adjust the precise strength and pattern of
application of his tools to the material’s local
vagaries. Conversely, the constant motion of a
machine requires constant materials.” (Smith,
1992)

Much can be learned from the craft of the sculptor.
It might be said that the sculptor, like the architect,
never realizes the true conceptual design, and thus
the ambiguity of ‘design intent’ steps forward. For
the sculptor, it is adequate to begin with a sketch
and perhaps some rough dimensions to determine
the size of the stone from which the design will
be carved. After all, the final product is ultimately
a qualitative judgement by a lone craftsman and
there are (typically) no precision drawings or
computer models that must be followed with nano
precision. Her entire process is analogue in both
the haptic and relational sense. First, she begins
with a stone and an idea. As she begins sculpting,
she is always working in proportion to existing
carvings, in analogue, without referencing
abstracted numbers. It is a constant iterative
process that in some ways represents the natural
optimization of biological structures. Just like a
stem that eventually grows stiffer in strong winds,
a sculptor can constantly adapt to variations in the
stone and the tool; she can strike harder if the chisel
becomes dull. 4 Craft is marked by the mind
relating the purpose of the work to the motions of
the hand. As such, it currently defies codification.
We cannot yet instruct a robot to provide the depth,
originality, and richness of an artisan, but CAD/
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