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Abstract: This contribution presents the prerequisites in
the construction process of a bio-based experimental
pavilion. A first challenge, is to define tolerances and im-
plicitly measurement tolerances for these materials. After
defining them, the focus is set on what can be achieved if
geometric quality control is only conducted during the as-
sembly process. Despite using high-end total stations and
terrestrial laser scanners in this process, the final pavilion
showed discrepancies to its model. In some cases, these
were larger than the given tolerances, showing on one side
what tasks can be achievedwith these instruments and on
the other, drawbacks that remain a challenge in bio-based
segmented experimental buildings. Finally, an improved
workflow is suggested.

Keywords: Bio-based materials, sustainable buildings,
quality control, precise surveying, TLS, research pavilion

1 Introduction

Architecture usually includes elements with differ-
ent manufacturing accuracies. The main structure like
columns, foundations, beams, etc. have higher tolerances
than detailed elements like windows frames, integrated
electronic devices, pipelines etc. A general rule is to fab-
ricate as precise as needed and not as precise as possible;
principle that applies for the aforementioned structural el-
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ements. The imperfections between elements with differ-
ent accuracy and tolerance are mostly balanced by filling
materials like rubbers polyurethane foams, cement, etc.,
or by use of subtractive processes like cutting, sanding,
etc. The second digital turn in architecture [1] strength-
ened interest in buildings composed of digitally prefabri-
cated building components with high accuracy (cf. [2]).

The accuracy highly depends on used materials and
fabricationmethods. Each fabricationmethod leads to dif-
ferent uncertainties, and it is highly improbable that all
the processes will be within the one defined tolerance.
Generally, the more precise fabrication is more expensive
including waste production and energy consumption. To
find a feasible balance some elements have to be fabri-
catedwith lower accuracy. Segmented experimental build-
ings from bio-based materials are discussed as an excel-
lent case studywhere several iterativeprocesses tookplace
before the segmented structure was erected. Additionally,
the individual fabrication steps and their control methods
during the process are presented.

Bio-based construction materials have gained popu-
larity as alternative materials for lightweight sustainable
building constructions. Often, the bio-based materials are
custom made with the help of manual labor. This intro-
duces fabrication imperfections that lead to misalignment
during the building processes. Additionally, it is not pre-
dictable how the whole structure behaves, since a com-
plex tolerance analysis is only possible if the functional
dependencies of all sub-systems (parts) is known (cf. [3]).
A method of overcoming later problems in the assembly
phase is to verify if the individual parts meet a given toler-
ance [4]. For this reason, geometric quality control is im-
portant in all construction stages (cf. [5, 6, 7]). Deforma-
tions caused by weather and own weight during the life
cycle of the structure are not discussed, because the focus
is set on successfully erecting and assembling the struc-
ture. The live span of the structure was about six months.
Engineering geodesy offers several methods that cover a
wide spectrum of requirements encountered in construc-
tion processes [8].

However, two problems are raised concomitantly. One
is that there is no standard for bio-based materials and
another is the self-defined tolerance within which a part
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would be acceptable for further processing. Since the first
one is a matter of subjective decision based on the con-
structors’ (designers’) expectation, the second one will be
further addressed. Section two presents the workflow nec-
essary for constructing an experimental bio-based pavil-
ion [9, 10, 11, 12, 13]. Further on, section three lays the the-
oretical frame for the geometric quality control with a total
station (TS) and terrestrial laser scanner (TLS), while sec-
tion four shows the study case of the BioMat pavilion 2018
froman engineering geodesy point of view. Finally, section
five ends this paper with conclusions including suggested
working process.

2 Construction process

BioMat Pavilion 2018 is an experimental segmented
shell made of bio-composite sandwich elements built in
Stuttgart city in Germany. Digital and manual fabrication
was combined in several iterative steps, which resulted
in ∼ 3.6m height segmented structure covering an area
of ∼ 55m2. The entire process from the initial design to
the final erection was a part of two subsequent design
studio courses (Flexible Forms). The courses presented a
scope combining teaching and research in experimental
architecture to investigate methods towards future sus-
tainable architecture using alternative bio-based building
materials and digital fabrication methods. In this sense,
around 40 architecture students together with researchers
fromBioMat group (Bio-basedMaterials andMaterials’ Cy-
cles in Architecture, located at ITKE: Institute for Build-
ing Structures and Structural Design in Stuttgart), as well
as diverse international cooperating specialists were in-
volved in the design, fabrication, and assembly proce-
dures following a design philosophy named “Materials as
a design tool” [13].

2.1 Fabrication of biocomposite sandwich
panels

This process included preparation, lamination, and as-
sembly of 120 sandwich panels from lignocellulosic fibre-
boards. Each panel consisted of three segments [9].

The following steps were applied during the fabrica-
tion process. They are numbered 1–13 for comprehension,
as later presented in table 1.
1. The fibreboards were cut by Computerized Numeri-

cal Controlled (CNC) process into 360 slightly different
segments and post-processed by sanding (fig. 1.1).

Figure 1: Fabrication steps of Biocomposite sandwich panels
(Source: © BioMat at ITKE/University of Stuttgart).

2. Four types of universal mould were fabricated by CNC
milling of extruded polystyrene (Styrodur®). Wooden
dowels were integrated to define exact positions of
the segments on the mould. Protective layer from
polyethylene foil was placed on the upper surface of
the mould (fig. 1.2).

3. The segmentswere glued in between two sheets of sin-
gle fibre direction veneer and placed onmoulds. Addi-
tional layers of polyethylene foil and felt were spread
over the mould to protect vacuum bag (fig. 1.3).

4. The segments were formed by vacuum assisted lami-
nation process for ca. 60 minutes (fig. 1.4).

5. Each sandwich panel consisted of three segments.
Formed segments were connected to the panels
through two layers of veneer sheets, which were glued
on the central area of panel from both sides (fig. 1.5).

6. Individual sandwich panels were post-processed by
sanding and coating by protective resin layer (fig. 1.6).

Steps 2–6 were produced manually without geometric
quality control, therefore influencing the fabrication pre-
cision of the segments. The repetitive vacuum process has
caused a slight change in the mould, which affected the
overall geometric quality. All those aspects had to be con-
sidered in the tolerances’ definition and further improve-
ment of fabrication strategies.

2.2 Assembly of timber beams and
foundation

Due to structural and assembly reasons, three supportive
timber beams were integrated in the structure. The beams
were fabricated and partially financed by the company
BurgbacherHolztechnologieGmbH. Inparallel three foun-
dation boxes were fabricated manually. The interconnec-
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Figure 2: Fabrication and positioning of timber beams (Source: ©
BioMat at ITKE/University of Stuttgart).

tions between the beams and the foundation boxes was
provided through the steel connectors. The accurate posi-
tioning of the beams and steel connectors was crucial for
the correct assembly of the 120 interconnected sandwich
panels [9, 12]. The process of fabrication and positioning
of timber beams and foundations included these steps:
7. Foundation boxes were fabricated manually on site

from timber (fig. 2.7).
8. Three foundation boxes were placed on site according

to the measured positions (sec. 4.1). Boxes were filled
by concrete tiles and gravel to provide sufficient stabil-
ity. Steel connectors were screwed on the foundation
boxes by assistance of TS (fig. 2.8).

9. Three beams were erected with control by TS mea-
surements (cf. sec. 4.4) and fixed throughmetal plates
(fig. 2.9).

Both TLS and TS methods are further described in sec-
tion 4.3.

2.3 Interconnection of sandwich panels and
fixation to the beams

The final interconnection and fixation of the panels re-
flected the accuracy of the previously illustrated iterative
fabrication steps. Four types of interconnections within
the panels and beams were determined from the para-
metric 3D model. The parametric model was used only
in a design phase. It included a numbering system to en-
able better orientation within 120 panels. The panels were
connected through bolts and nuts predominately on-site
[9, 12].

The process included these steps:
10. Panelswere interconnected into four triangular blocks

on the ground. Each block contained around 30 pan-
els. The interconnection was done by bolts and nuts
through wooden plates with CNC pre-drilled holes
(fig. 3.10).

11. Temporary props were positioned according to the TS
measurements. Props also determined a position of
the central panels (fig. 3.11).

Figure 3: Assembly process and interconnection of sandwich panels
(Source: © BioMat at ITKE/University of Stuttgart).

12. Triangular blocks were gradually lifted on the beams
and props and fixed to the position (fig. 3.12).

13. Triangular blocks were interconnected in the central
part of the pavilion (fig. 3.13).

The assembly process addressed the importance of geo-
metrical quality control during fabricationprocesses. Each
iterative step lead to geometrical imperfections, which
gradually cumulated at the end. During on-site assembly
the importance of detailed process planning became ob-
vious. Difficulties were recognized when installing panels
in space. The correct approach was accordingly set, which
was to assemble the segments into triangular blocks on
the ground. This offered accessibility to workers and ac-
cordingly enabled connections with higher precision. Ex-
perience has shown that off-site processes in controlled
environments lead to better control of final products. The
on-site changing conditions can negatively influence the
quality of the segments and the control possibilities. Ad-
ditionally, a large number of components in the assembly
process requires frequent control measurements, which in
some cases reaches from very time consuming up to im-
possible.

3 Quality control

Since there is no standard that precisely defines tolerances
for bio-composites, the tolerances were defined by gen-
eral recognized code of practice (experience) by authors in
combinationwith standards for wood (DIN EN 336 [14] and
DIN EN 14080 [15]) and steel (DIN EN ISO 13920 [16], DIN
EN 1090-2 [17]). There is a huge variety of bio-basedmateri-
als which can be applied in architecture [12, 13], therefore
it is impossible to have a universal definition for tolerances
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for all kinds. Further on, focus is on laminated sandwich
panels, but the chosen quality control methods are appli-
cable for other types of bio-composites (e. g. composites
from long fibers).

There are many measurement methods of controlling
the geometric quality of individual pieces or the complete
assembly, but the question is which one is themost appro-
priate from an application point of view.

Discussing geometric tolerance, the acceptance
threshold must be firstly defined. In all measurements
types this is not equivalent to the instrument measure-
ment precision directly. Usually the quality indicator used
in engineering geodesy is the standard deviation, there-
fore relationships between the standard deviation of a
certain measurement method or instrument and the total
tolerance must be firstly defined. The total tolerance T is
defined as the sum of two kinds of tolerances, TA toler-
ance of construction and TM tolerance of measurement.
The term TA tolerance of construction is also given by the
sum of two kinds of tolerances, one for fabrication and
one for assembly, but the issue is not further addressed
here. Only the minimum number formulas are given for
understanding, the rest can be consulted e. g. in [18]:

T2 = T2M + T
2
A (1)

The tolerance ofmeasurement is usually specifiedwith the
help of a proportion factor p (value usually 0.3) which de-
fines the ratio of themeasurement toleranceTM to the total
tolerance T. Thereafter relation betweenmeasurement tol-
erance, tolerance of construction and standard deviation
of the measurement σ are given by:

TA = (1 − p) ⋅ T (2)

TM = T ⋅√1 − (1 − p)2 (3)

σ ≤ TM
2k

(4)

where k represents the quantile of the corresponding dis-
tribution function. Usually a normal distribution with a
95%confidence level is assumed, returning a value for k of
approximately 2. More about tolerances can be consulted
in the normative DIN 18202 [19] and 18710-1 [20].

Knowing these requirements, the geodesist is respon-
sible to correctly choose adequate instruments and meth-
ods for reaching the tolerances. An example to outline this
aspect is the quality assurance of individual parts during
the process. Each part can be controlled with mechani-
cal, optical or electro-optical methods and inspected for
processing failures. This is typical for industrial measure-
ments, where metrology instruments are implied in all

stages of the production process. Examples are theodolite-
measurement systems, Laser Tackers (LT) or video camera-
based systems [21].

Choosing the optimal method is among others, a mat-
ter of the requiredmeasurement tolerance, necessarymea-
surement time anddata processing (see tab. on next page).
First the tolerances are defined and then explained. With
regard to each processes, the decision needs to be made
between area-wise and point-wise measurement methods.
Explanations are give after the detailed description of the
individual tolerances.

In the following paragraphs, table 1 is further de-
scribed. All decisions for the suggested control instru-
ments are commented including defining of tolerances.
Suggestions on fabrication methods and critical reflec-
tions are given towards future optimized fabricationof bio-
based materials including higher precision and geometry
control.
1. Process of CNC cutting of boards is mainly influ-

enced by precision of CNC machine and used mate-
rial. The CNC milling machine provides higher accu-
racy (≈ 0.1mm) than the given tolerance for CNC cut-
ting (1mm). The tolerance is conducted empirically
from material behavior (crumbling) during fabrica-
tion. Hand-sanding was necessary for cleaning of cut
edges. This process can lead to small inaccuracies,
therefore 1mmtolerance is definedby the authors. The
used control instrument in this case (ruler) proved to
be rudimentary, because differences in sub-millimeter
domain are barely distinguishable. In the future, the
LT is suggested only to control sample boards because
it offers flexibility in choosing to verify only some char-
acteristic points or a limited surface (in combination
with a probe).

2. Quality of fabricated mould has significant influence
to accuracy of panels. The given tolerance 1mm for
CNC milling is based on material properties of used
Styrodur® board. More stable material (aluminum or
SikaBlock®) of mould is suggested to provide higher
geometric accuracy. The chosen material affects also
the mould assembly including gluing with 1mm tol-
erance. The mould assembly can be skipped by using
of CNC milling machine with higher operating space
or robotic arm. In this case, the LT would be used to
verify thematerial behavior as stated before, either for
characteristic points or surfaces.

3. The repetitive using of mould during vacuum assisted
process led to its deformation, which is mainly in-
fluenced by applied material (Styrodur®). 3mm tol-
erance is defined by authors as a maximum accept-
able deflection of Styrodur mould. The material of the
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Table 1: Biomat pavilion construction processes (cf. sec. 2) with tolerances and control instruments and methods.

Process T/TM/σ (mm) Used control instrument Suggested control instrument

1. CNC cutting of boards
CNC cutting 1/0.7/0.2 Ruler Laser Tracker
Hand sanding 1/0.7/0.2 Ruler Micrometer

2. Fabrication of mould
CNCmilling of Styrodur® mould parts 1/0.7/0.2 Ruler Laser Tracker
Mould assembly 1/0.7/0.2 Ruler Measurement arm

3. Mould behaviour
Mould deformation during a time 3/2.1/0.5 Ruler Handheld scanner
Position on mould 2/1.4/0.4 Ruler Measurement arm

4. Vacuum assisted process
Shifting of veneer layers during lamination 2/1.4/0.4 Ruler Handheld scanner
Deformation of segment during lamination 1/0.7/0.2 Ruler Handheld scanner

5. Completion of sandwich panel
Gluing segments into sandwich panel 2/1.4/0.4 Ruler Vernier

6. Post-processing of sandwich panel
Sanding 2/1.4/0.4 Ruler Micrometer/
Coating 3/2.1/0.5 Ruler Handheld scanner

7. Foundation boxes fabrication
Fabrication geometric quality of foundation boxes 5/3.6/0.9 Ruler Ruler
Fabrication geometric quality of steel connectors 2/1.4/0.4 Ruler Measurement arm/Vernier

8. Foundation boxes position
Position of foundation boxes on site 4/2.9/0.7 Total station Total station
Position of steel connectors on foundation boxes 2/1.4/0.4 Total station/ Total station/

9. Fabrication and erection of beams
Fabrication geometric quality of beams 10/7.1/1.8 Ruler Terrestrial Laser Scanner
Erection and assembly of beams 20/14.3/3.6 Total station Total station

10. Interconnection of panels into blocks
Position of screws 2/1.4/0.4 Ruler Measurement arm
Assembly to four blocks (on ground) 40/28.6/7.3 Ruler Total station

11. Temporary support
Position of temporary supports (used as template) 4/2.9/0.7 Total station Total station

12. Fixation to the beams
Position of blocks (panels) on Timber beams 50/35.7/9.1 Ruler Terrestrial Laser Scanner

13. Interconnection of blocks in central part
Position of the blocks after interconnection in the air 50/35.7/9.1 Total station/Supporting

template
Total station/Terrestrial Laser
Scanner

mould effects also accuracy of position of segments on
the mould for which 2mm tolerance was conducted
as acceptable. If the material suggestion from step
two is respected, step three can be skipped. In this
case, a handheld scanner (HS) and measurement arm
would confirm if the mould is deforming. Only area-
wise methods deliver enough information to decide if
the mould can be further used or not.

4. The given tolerances for vacuum assisted process is
based on observation of panels after their lamination.
During the lamination veneer layers can slightly slide
off the core (≈ 2mm) as well as sharp edges of seg-
ments can slightly deform (≈ 1mm). Inaccuracies have
an aesthetic rather than geometric/structural effect.
Author´s recommendation is to prepare both cores and

veneer sheets slightly bigger and cut out excessive
material during post-processing. The point cloud cap-
tured with a HS can be compared with a reference
CADmodel and if irregularities occur, they can be cor-
rected during the process. As in many nominal-actual
comparisons, firstly, a best-fit adjustment between the
model and the point cloud is performed and afterward
differences are computed.

5. The given tolerance 2mm for gluing of segments is
based on manual positioning of segments before be-
ing glued. This step can be skippedwhen panel is lam-
inated as one piece. Only thematerial thickness is ver-
ified here, therefore a vernier (classical or digital) is
ideal for point-wise checks of the material thickness.
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6. The post-processing includes sanding and coating of
panels. Sanding can balance deflections coming from
previous processes as well as to increase themwhen it
is not controlled. Hence 2mm tolerance is conducted
empirically. The coating and its thickness should be
considered already in the design phase. The quality
of coating has significant influence on final assem-
bly, because unwanted droplets on panel surface neg-
atively influence precision of connecting interface. For
the manual coating used in pavilion the given toler-
ance is 3mm (size of droplets). Both processes should
be controlled and ideally automatized to reduce the
given tolerance. An automated scan process is possi-
ble if the hand-held scanner is fixed on a programed
robotic arm and each panel is transported on a pro-
cessing line for verification. A possible draw-back is
surface high reflectivity after coating that leads to un-
wanted effects in the scan. In this case camera-based
systems are recommended.

7. For the fabrication of three foundation boxes the toler-
ance 5mm is extracted from DIN EN 336 [14] consider-
ing manual work. Their precision can be increased by
automatized processes (CNC/robotic milling), but for
pavilion purposes thiswas not found feasible. There is
not significant suggestion for improvement of founda-
tion boxes fabrication and their geometric control. The
steel connectorswerepreparedbyweldingof precisely
cut steel plates. The given tolerance 2mm is defined
mainly by the limit deviations for angular dimensions
of welded steel specified in DIN EN ISO 13920 [16] and
DIN EN 1090-2 [17]. Tolerance can be reduced by pre-
cise CNC milling instead of welding, but for purpose
of the pavilion and material consumption is not rec-
ommended. Opposite to other steps, point-wise meth-
ods are sufficient in this case. It is important to ver-
ify the dimensions and position of fixing holes on the
connectors. This can be done directly with a measure-
ment arm and comparison with a nominal model can
be done on-the-fly. Alternatively, a vernier can be used
to verify single dimensions of the connector.

8. Placing the foundation boxes on site and positioning
of steel connectors on them was a typical stake out
task. This was achieved with a high-end TS under cer-
tain conditions (cf. sec. 4.2). According to DIN 18710-1
[20] and the tolerances defined above, the pursued
standard deviation falls into class L5 – very high ac-
curacy. It is disputable if the efforts made to reach
this level are justified, since it restricts the instruments
to high-end total stations with sub-second accuracy
(< 0.3mgon) and sub-millimeter distance accuracy.

9. Fabrication of three beams was provided by ex-
ternal timber company (Burgbacher Holztechnolo-
gie GmbH). The defined tolerance 10mm is derived
mainly from length of the three longest timber beams
(≈ 10m) according to DIN EN 14080 [15]. Using a TLS
during the fabrication process can assure a direct con-
trol of thebeamgeometry.After thebeam is fabricated,
its position is verified with a TS (cf. sec. 4.3). Single
pointmeasurements with temporarymarked intervals
on the beams were made with the multiple purposes.
For once, the position of the beamswas controlled and
compared with the planned one and second, if adjust-
ments of the beam position were needed, the opera-
tors knewwhich part of the beam needed adjustment.
The tolerance 20mm for the final assembly of timber
beam structure is based on overall geometric configu-
ration, position of steel connectors, and timber beams
deviations. These tolerances have to be also consid-
ered in design of interconnections for sandwich pan-
els. In the ideal case, all panels would be fabricated
after the beams are erected in order to best fit the ac-
tual beam geometry and position.

10. The overall pavilion was divided into four triangular
blocks. The assembly tolerance 40mm is a sum of
maximal determined deviations of individual panels
(12mm) along longest side of biggest triangular block.
Panels were interconnected by screws on the ground.
Position of screwswas defined throughwooden plates
with CNC pre-drilled holes. The empirically deter-
mined tolerance of 2mm did not have an influence on
assembly tolerance but rather on aesthetics of connec-
tions. For the future easier connecting process panels
should already include holes for screws to avoid on-
site drilling. Their designwill have to consider andbal-
ance assembly tolerance.

11. This step is exactly as described in step 8. The main
difference is that supports are only temporary, there-
fore after the structure is erected, they are removed.

12. The tolerance 50mm for fixation on beams was deter-
mined empirically from assembly tolerance (step 10)
and tolerance for assembly of beams (step 9). In the
ideal case, the block edges would have been marked
on the corresponding beamedge, but at this stage only
a final control was done with several TLS points for
all blocks (cf. sec. 4.4). Most high-end TLS reach the
given level of accuracy (9mm) in a sense of 3D posi-
tion accuracy within the give ranges (less than 20m).
Theadvantageof area-wisemethods in this case is that
all parts (panels) are captured at once. Single TS point
measurements as those made for beam control are
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also possible, but extremely time-consuming, there-
fore TLS is the efficient alternative.

13. The given tolerance 50mm is the same as for fixation
(step 12). The same TLS verification may be conducted
as in the previous step. The difference at this step is
that the pavilion is complete.

All these steps and explanations aremeant to highlight the
complexity of bio-based assemblies and choices that need
to be made for both the designers and controllers. The au-
thors also intended to aid at finding compromises for sim-
ilar future collaborations.

4 Quality assurance of the
assembly process – Study case:
BioMat Pavilion 2018

4.1 On-site prerequisites & reference
network

The complete fabrication process of the pavilion made
out of bio-based materials is exemplary shown in paral-
lel with analyzing the tolerance requirements previously
presented in tab. 1. This gives an indication about which
measurement method is adequate and if the tolerance re-
quirements were met.

Examples are given based on measurements made
with aLeicaTS300.5” TSandLeicaHDS7000TLS.Morede-
tails and an in-depth understanding about TS instruments
can be consulted in specialty publications like [22] or [23],
whilst for technical details and functionality of TLS, the
review of [24] is recommended.

A reference 3D geodetic network that can be used for
the following purposes: site survey in 3D; stake out of
specific positions, control measurements during and af-
ter assembly and final area-wise measurement (TLS scan)
is required. Such a network was created for the planed
site and network points were marked accordingly so that
they are suitable for TLS and TS measurements. After
measurement, TS observations have been adjusted with a
least squares free network adjustment method in the open
source software (JAG3D [25]) and a local coordinate system
has been defined. The resulting network covers an area of
30 × 30m.

As a network quality indicator, it ismentioned that the
confidence ellipses have semi-axes with dimensions be-
tween 0.3mm and 0.5mm (probability of error α = 5%).

These small values make the network appropriate for fur-
ther measurements that require high accuracy. As regards
the TLS network points these were marked by two types of
contrast targets. Firstly, printedwater-proof Black &White
(B&W) targets were permanently fixed on clear surfaces
on-site. Secondly, Leica B&W tilt & turn targets with mag-
netic bases were temporary fixed on metallic surfaces. For
the temporary targets, the position had to be reproduced
for each scanning session. This issue was solved by mark-
ing the position of the magnetic base on the surface. Fi-
nally, the coordinates for the contrast targets were verified
in each session via TS direct measurements without a re-
flector. Even if this is not the best way to create a common
TLS and TS point, the approach proved to be a convenient.
For future networks that have common TS and TLS points,
solutions based on interchangeable reflectors and contrast
targets with the same geometric center are recommended.

4.2 Stake out foundation and sustaining
plates

First steps of the construction process imply placing the
weight foundation on their planed position (fig. 2 B + tab. 1
foundation position). Theoretically two edge points per
foundation would suffice, but since the assembly process
does not guarantee that the three foundation are exactly as
planned (cf. tab. 1), all five corners (see fig. 4) were staked
out. This gave the possibility to directly verify if the man-
ufactured foundation comply with the designed ones. As
it was not allowed, according to the building regulations
in the selected building site, to anchor foundation to the
ground; the foundation footages were superficially placed

Figure 4: Foundation and stake out points (purple).
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with imbedded loose heavy weight aggregates to provide
the necessary stability. The accurate positioning of those
superficial foundations was crucial for the stability of the
whole structure. In that sense, edge markings of the foun-
dations’ footages also played a huge role in controlling
correct positioning. Potential structural deterioration or
movementswould have been visually detectable if they oc-
curred. For the stake out, the TS was used in combination
with a mini-prism. The standard deviation requirements
(cf. tab. 1 σx = σy = 0.7mm) were achieved under the fol-
lowing conditions: the station point was chosen in such a
way that no measurement distances are longer than 10m
and both instrument faces were used for the stake out. For
each instrument face the stake out positionwas temporary
marked with one color and the geometrical average point
of these two was finally marked. To give an example of the
a-prior standard deviations, a point situated at 7.5m from
the instrument leads to a standard deviation of 0.5mm in
themeasurement direction and0.3mmacross. If these val-
ues are compared with the requirements stated in tab. 1.
step8, it canbe concluded that themethodand instrument
is appropriate in this case and under the mentioned con-
ditions for future similar tasks. Noteworthy is that only the
2D position was of interest for superficial foundations (see
sec. 2.2 step 8) andnoheightmodifications of the construc-
tion site are allowed.

Next steps involved the positioning of themetal plates
on which the beams were fixed (see sec. 2.2 step 8 & 9).
Because these plates had to be fixed on the upper part of
the foundations and sustain the timber beams in the same
time, on-site control during the assembly was necessary.
Before fixing the metal plates, their temporary positions
were verified with TS kinematic measurements (reflector
tracking) and indications in form of displacement vectors
were given in real time. The whole process was made it-
eratively with continuous changes and inspection of the
plates position. The level of achieved accuracy was worse
compared to the foundation stake out, but this is directly
related to the real time positioning requirement. It is a
well-known fact, that standard deviations of TS measure-
ments are higher in tracking mode [26]. After the plates
were fixed, the corner points had errors of position above
2mm, therefore the stated standard deviations in tab. 1
(step 9) were not reached. An alternative seen from the en-
gineering geodesy point of view, is to use a real time net-
work of robotic TSs [27] and track the same reflector (360 °
mini-prism) with multiple TSs from a favorable geometric
constellation [28]. It is expected that by this means the po-
sition can be improved.

4.3 Control of beams and sustaining
structure

One of the most important steps in the assembly pro-
cess was the beam positioning (cf. fig. 2.9). Correctly po-
sitioned beams ensured an as-designed shell form of the
covering shell structure. This was verified using the same
TS and measuring points on the external upper edge of
each beam. Each station point was positioned at about
5m approximately perpendicular to each beam (cf. sec. 4.3
& fig. 5). The inaccessible points on the beam edges were
measuredwithout a reflector. According to tab. 1 thebeams
assembly required a standard deviation of 1.8mm formea-
surements. This is assured only in the case of accessible
points that were measured with a reflector. For the inac-
cessible ones, the distance measurement accuracy taken
alone is 2mm according to the instrument manufacturer
[29]; therefore, the tolerance is at its borderline of accep-
tance. To overcome similar issues in the future, the au-
thors suggest temporary mounting small reflector foils on
the inaccessible points. By this means, the distance mea-
surement accuracy is improved, thus improving the con-
trol quality.

For each measured point, a difference vector was cal-
culated by projecting its position perpendicular on the
beam. Tomake it clearer, the vectorwas presented through
a horizontal component and a vertical one (fig. 6 above,
6 down). This was seen as a geometric quality indicator
for the set-actual position of the beam. The horizontal
component showed howmuch the beam deviated from its

Figure 5: Above: Beams and control points on the outer edge
(Source: BioMat/ITKE); down: control measurement configuration.
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Figure 6: Above: separation of vectors to measured point on the
designed (model) beam edge; down: measured control points and
difference vectors (mm) for each edge.

planned 2D position and the vertical component indicated
whether the beam was above (+) or under (-) its intended
height. Correcting the position was possible by loosening
or tightening the bolts at the beam joints and sustaining
plate.

As explained in section 2, the individual panels were
assembled off-site and were afterwards joined into four
bigger triangle blocks (cf. fig. 3.10). These were tempo-
rary sustained by metal props placed in the middle of the
pavilion aligned parallel to each of the opposite beam.
The props positions were indicated by TS measurements
exactly as described in section 4.3. Finally, the triangle
blocks were placed and the props were removed.

4.4 Pavilion geometric control

It has been seen that individual pavilion panels (cf. sec. 2)
and the position of each panel was relevant for the final

Figure 7: Above: Final point cloud in color; down: example of a scan
position under the pavilion.

structure. Nevertheless, controlling the geometry of each
panel of the shell for example by TS measurements (cf.
sec. 4.3) after the pavilion was finished, would have been
an intensive and time-consuming process. The alternative
was to scan the pavilion frommany perspectives and then
compare the geometry with the given reference geometry
(3D parametric model). Figure 7 up shows the result in
form of a colored point cloud, whilst fig. 7 down presents
one scanner position under the finished BioMat Pavilion
2018.

It is mentioned that the reference frame contained
contrast targets with coordinates in the same coordination
systemas theplannedparametricmodel, therefore a direct
analysis was possible and differences were evident on the
whole structure. The complete process that allowed this
could be summarized as follows: firstly, the construction
site is scanned and referenced in a coordinate system, af-
terwards themodel is placed into the same coordinate sys-
tem (in Rhinoceros), and finally the model-measurement
comparison ismadewithout the need of additionalmodel-
measurement alignment algorithms. For the indirect geo-
referencing [30], a total of 143 correspondences were es-
tablished between all seven station points and the con-
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Figure 8:Model to point cloud comparison, above: complete shell,
down: 3D Section in central position of pavilion.

trast targets. This number was not the maximum possi-
ble because not all targets were visible from all station
points or the target middle point has not been correctly
extracted from individual scans (e. g. partially obstructed
target). Despite this, the overall RMS registration error, as
defined in Leica Cyclone, was 1.7mm. More about georef-
erencing can be reviewed in [31].

With the georeferenced model, a visual comparison
can be made between the complete set-actual geometry of
the pavilion. An example is given for onepart of themodel,
where it can be seen (fig. 8) that at this stage, the blocks
positions tolerances becamemeaningless, since thewhole
structure was ca. 20 cm lower than the planed one. This
was partly due the fabrication quality of individual pieces,
beamsandon-site conditionsduring assembly. This canbe
later optimized by more automatized and control process.

Finally, the BioMat Research Pavilion 2018 (fig. 9) was
completed after 10 months of intensive work including de-
sign, fabrication, and assembly. Obviously, this represents
only a glimpse of several years of research invested in the
application of bio-based materials and various concepts
for a future-oriented sustainable architecture.

5 Conclusion

Outcomes point out the importance of quality control be-
fore, during and after the assembly process. In the case of
the research BioMat Pavilion 2018, geometric quality con-
trol and assurance was done only on-site during the con-
struction process as well as after erection. For this reason,
integrating the quality control methods presented in this
paper is absolutely necessary in all stages and not only

Figure 9: BioMat Research Pavilion 2018 (Source: © BioMat at
ITKE/University of Stuttgart).

on-site. Additionally, better applied materials and fabri-
cation methods are believed to deliver better results, but
the cost question must always be in foreground, since the
perspective purpose is to use these materials for build-
ings and structures and not only research purposes. This
is why the definition of tolerances and achievable qual-
ity is primarily important. From an engineering geodesy
point of view, two measurement methods (point-wise and
area-wise) were used. Classical methods like TS stake out
and marking of points can be successfully further ap-
plied for other similar structures in different stages. Spe-
cial tasks, like real time control within the assembly pro-
cess require different approaches, like the use of a network
of TSs. Regarding area-wisemethods, TLS scans are useful
for quick nominal-actual comparisons after the structure
is complete, but the georeferencing is in this case of ut-
most importance. In pre-processing, the authors assume
that many problems can be avoided by verifying compo-
nents before, for example with hand-held scanners prior
to assembly. However, this assumption needs to be verified
with a future structure out of bio-basedmaterials. Another
research question is the need for integration of engineer-
ing geodetic processes into the pre-fabrication process as
well as the complete life-cycle monitoring [32].

From the fabrication point of view several steps can be
further improved. Involving more optimized processes ac-
companied by usage of higher standard materials will re-
quirehigher costs andpreciseplanning. This has tobe con-
sidered and critically comparedwith required output qual-
ity. Despite the quality of fabrication, whichwas highly in-
fluenced by working conditions and limited resources, the
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Figure 10: Suggested working process of BioMat pavilion 2018 with recommended control instruments (Images source: sketches – authors,
handheld scanner © AMETEK GmbH Creaform Deutschland, other instruments – IIGS University of Stuttgart).
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authors see a critical point in the workflow when individ-
ual pieces were fabricated and designed before the erec-
tion of supporting beams. This fact should be addressed in
similar segmented building elements (segmented shells,
facades, etc.) throughhigher required tolerances or by pre-
cise 3D scanning of supporting structure. In case of Biomat
pavilion 2018 the recommended workflow was not used
because fabrication of 120 panels took most of the time,
which needed to be done off-site before the on-site work
started.

The diagram on the previous page presents an op-
timal working process of pavilions together with recom-
mended control instruments (fig. 10). The workflow is ap-
plicable for similar bio-based building elements includ-
ing segmented shells, biobased facade panels, discrete
structures, etc. where highly precise modular (discrete) el-
ements are installed on supporting structures with higher
tolerances.
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