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Abstract: Free-form concrete panel production requires an increasing amount of manpower because
the molds cannot be reused. There are many limitations when it comes to reproducing accurate
forms due to the many manual processes. Therefore, the current study developed side mold control
equipment that can automatically fabricate molds for free-form concrete panels. The equipment
is capable of molding various shapes and sustainable operation. However, there may be errors as
it automatically produces various shapes. Therefore, it is necessary to check the errors between
manufactured shapes and designed shapes. The shape created using the side mold control equipment
showed less than 0.1° error in side angle and 3 mm error in side length. Therefore, the equipment
manufactured a precise shape. Based on the findings of the study, the side mold control equipment
will be used to produce accurate shape of free-form concrete panels automatically.

Keywords: free-form building; free-form construction; free-form concrete panel; side mold control
equipment; automatic production technology

1. Introduction

A free-form building is where the whole or part of the building is tilted, narrowed,
twisted, or has a free curved form away from its standard squared shape [1]. This geometric
form is one of the most challenging construction processes because the outer covering is
curved, unlike a typical formal structure [2]. A free-form building’s curved surface has
a different curvature in each location, making it hard to construct by just using a single
giant mold. Therefore, it is necessary to divide each section into panels to implement a
curved outer shell [3]. The panels that make up the outer part of the building are the most
important part of free-form construction, and the production of free-form panels is a critical
technology for the construction of the free-form building.

The shape of the panel that implements a free-form building requires diversity. For ex-
ample, the recently completed Qatar National Museum used about 80,000 free-form con-
crete panels (FCPs) to build a disc-shaped construction [4]. Three thousand molds were
manufactured to produce FCPs (Free-form Concrete Panels) of different shapes and sizes
such as triangles and squares [5]. It took a long time to make one of the 539 discs in the
National Museum of Qatar [6].

New equipment for FCP production is needed. In the free-form concrete production
field, a conventional mold is used to produce a non-constant shape of a FCP. However,
reusing the mold is difficult because the mold must be individually made as required by
the FCP shape. Disposable molds are less productive. Increasing the number of molds that
must be made means more time, cost, and waste [7]. Furthermore, these require a large
amount of manual work and increases personnel and production costs [8].

To solve these problems, the study developed side mold control equipment to produce
FCPs. The equipment is one of the systems that automatically produces FCPs and an
automated system that precisely manufactures various shapes of panels. As the technology
is used to produce various shapes, it may cause errors. Therefore, it is necessary to check

Buildings 2021, 11, 175. https:/ /doi.org/10.3390/buildings11040175

https:/ /www.mdpi.com/journal /buildings


https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-4044-9959
https://doi.org/10.3390/buildings11040175
https://doi.org/10.3390/buildings11040175
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/buildings11040175
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings11040175?type=check_update&version=2

Buildings 2021, 11, 175

20f12

the errors between manufactured shapes using the equipment and the designed shape.
The study was carried out as follows:

1.  Establishing the concept of FCP automatic production technology;

2. Analyzing the requirements of side mold control equipment and developing this
equipment;

3. Manufacturing of FCPs using side mold control equipment; and

4. Analyzing the errors in the designed and manufactured FCP.

2. Literature Review

As the demand for free-form building increases, free-form element technology is con-
tinuously being developed to implement buildings perfectly. In the field of FCP production,
there have been efforts to commercialize technologies such as expandable polystyrene
(EPS), wood, textiles, etc. processed by computer numerical control (CNC) [9-13]. How-
ever, these technologies have increased construction costs and periods because molds
cannot be reused. Thus, they have not been put to practical use.

To address these problems, Oesterle developed a reusable mold using wax [14]. How-
ever, only the concepts of equipment and technology were presented, but the problems of
manufacturing molds with wax such as hardening time, crystallization, strength, and crack-
ing were not mentioned and neither were any solutions to them. Additionally, the ability
to implement the shape of the wax mold and error were not verified, leaving the study at a
theoretical level. To address this, Lee developed a reusable phase change material (PCM)
manufacturing technology using CNC machine [8]. To prevent crystallization caused by
characteristics of PCM, molds were manufactured with mixed PCM and produced FCP.
However, the process of making FCPs required considerable time such as re-making top
and bottom molds to manufacture FCPs, and melting and hardening them again to reuse
the PCM.

Research is being actively carried out to automatically make molds to reduce the time
that increases because molds cannot be reused. Seo proposed an EPS foam manufacturing
mechanism for making a cost-effective free-form concrete mold [15]. The presented equip-
ment consists of a cutting part for cutting EPS foam and a moving part with an orthogonal
coordinate moving mechanism. Sim developed an automated system for producing a
free-form mold using additive manufacturing technology rather than a conventional mold
manufacturing framework [16]. However, these did not solve the problem of mold reuse.
Jeong et al. developed operation technology and two-sided multi-point press equipment
for improving accuracy of FCP [17]. Kim et al. conducted a study on the production
technology of free-form concrete panels using a multi-point press CNC machine [18].

Various technology development studies have been conducted including CNC and
automation to solve free-form concrete production technology problems. However, there is
still no FCP production technology at the commercialized level. The mold reuse issue is
still not solvable due to other issues such as time, cost, staffing, and unexpected problems.
The characteristics of FCP cause these problems. Since one mold cannot be used to con-
struct free-form buildings, it is necessary to divide them into various panels. The panel’s
shape should be divided into polygonal shapes to represent the free-form building’s perfect
curved surface such as pentagon and hexagon shapes forming a soccer ball [17]. In particu-
lar, the FCP must be able to be produced in a triangular shape because all polygons consist
of triangles, and the maximum segmentable form when dividing the curved surface, is
a triangle. Free-form panels all have different shapes, sizes, and curvatures, so they all
require various shapes of molds. However, due to the limitations of existing technology,
molds cannot be reused, increasing the number of people involved and increasing the time
and cost. Furthermore, there is no FCP production technology yet to satisfy panel diversity
and reuse molds.
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3. Concept of FCP Automatic Production Technology

FCP automatic production equipment can automatically produce panels. This equip-
ment consists of two-sided multi-point press equipment, side mold control equipment, and
variable side mold, as shown in Figure 1. Two-sided multi-point press equipment consists
of upper multi-point press equipment and lower multi-point press equipment. This forms
a mold to implement the curved surface of the top and bottom of the panel. Side mold
control equipment can produce various shapes of FCPs and can adjust the side angle of
the panel. Variable side mold can transform the mold according to the side curvature and
shape of the panel.
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equipment I | :‘ [ — —
a Ild | i U = =
— ‘ \
il 1 o i i
1 T ||," | |
i s | w ’H . Vari ’ L L
Il | W |8 ariable A
| F , ‘ ! 1} L}’ | side mold Lower mu%h point press
| | i equipment
Tower mu]'ti-p()int press Two-sided mulﬁ-point Side mold Variable sid d
equipment press equipment control cquipment ariable side mo!
FCP automatic production

equipment
Figure 1. Configuration of FCP automatic production equipment.

FCP’s manufacturing process can be divided into four categories: combination, in-
jection, curing, and demolding, as shown in Figure 2. First, the upper, lower, and side
mold equipment is combined according to the shape of a panel to be manufactured. Then,
concrete is injected into the mold. The injected concrete is compressed and cured by the
upper multi-point press equipment. Finally, the manufacture is completed by removing
the mold of the FCP that has been cured.

Upper multi-point press equipment Concrete pump

Side mold J’ lVariab]e side mold lJJJ’u_LLlllu\ Concrete
control equipment q]:'
\ !/

Lower multi-point press equipment

(a) (b)

Free-form Concrete /IJJJ‘LIJ-lJllll\
Panel(FCP) FCP

—

A

(©) (d)

Figure 2. Process of manufacturing FCP: (a) Mold combination; (b) Concrete injection; (¢) Concrete compressing and curing;
(d) Demolding.
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4. Development of Side Mold Control Equipment
4.1. Requirements Analysis

The reuse of molds requires flexible transformation of the mold. For example, a square
mold should be able to change into a triangle, as shown in Figure 3. That is, in order to
reuse the mold, the side mold control equipment must be able to change the shape of the
mold. In addition, this equipment should be capable of transforming the mold to produce
various shapes of panels. Even if the panels are all polygons, the panel’s shape may vary
depending on the angle. Triangles are divided into regular, acute, and obtuse-angled
triangles, depending on the angle they form. They are all triangles, but the panels are not
the same since they all have different angles. Therefore, this equipment should be capable
of varying the angle of the mold. Furthermore, the panel used for the curved surfaces may
vary in size depending on the building or the curved surface position. There may be size
changes, even when the shape and angle required by the panel are the same. Therefore, the
side mold control equipment should change the shape, angle, and size of the mold to cope
with panel diversity.

Angle changes

S | N Py

Mold -» i i »

Shape changes of the mold

l 2l

Size changes
Figure 3. Requirement of the mold.

4.2. Equipment Design

The conventional method forms a mold to fit the shape of the manufacturing panel and
unites them together to prevent them from being distorted, fixed by supports. The supports
hold the mold so that they do not move. This method does not allow the mold to transform
because there is no movement of the rod, so the mold cannot be reused. The movement of
the rod is necessary to reuse the mold. Therefore, as shown in Figure 4, the concept of the
rod is applied to the side mold control equipment. The rod was applied as a support to
hold the mold and changed the mold’s shape by movement of the rod. This can produce
various shapes of FCP molds.

_Supporting Mold I I I I I Rod(Supporting)
Mold l l l l .__._,"Uniting \\ ‘Rod
== _ H
= = Fixing 1 =
I ﬂ ' TI I III Mold Movement of the rod

(a) (b) (c)

Figure 4. Applying the concept of rod: (a) Conventional mold; (b) Applying the concept of rod to mold; (c) Rotating the

mold by the movement of the rod.

The arrangement of the rod is one of the equipment development’s critical require-
ments. The rod transforms the mold through movement. The force corresponding to
the lateral pressure varies depending on the angle between the rod and mold. This force
disturbs strong fixing of the rod and mold. If the angle between the rod and mold are
90°, as shown in Figure 5, the force’s direction is applied horizontally, strongly fixing the
mold. However, when the angle gets further from 90°, the force corresponding to the
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lateral pressure is reduced, meaning it reduces the fixing force of the mold. Therefore,
depending on the panel’s shape, the rod needs the proper arrangement so that the mold
can be correctly fixed in any position.

. Strong fixation . Weak fixation
Mold ¢ / Mold + /
[ [ [

I \f/g

Rod Rod

= Direction of the rod force

«=» Direction of the mold(lateral concrete force)

Figure 5. Force according to the angle of the rod and mold.

The importance of the rod’s arrangement can also be explained by lateral pressure.
The rod should be capable of securing the mold firmly to prevent the mold’s distortion
due to the concrete’s lateral pressure. To hold the mold, the direction of the rod and mold
(lateral concrete force) must be horizontal. For example, if the FCP is manufactured in a
triangle, as shown in Figure 6, the rod must be fixed on three sides of the triangle mold.
Multiple rods should be fixed to each mold and at least one rod must be fixed to the mold
for strong fixation. Accordingly, the rod was placed in a square, hexagonal, and circle to
select the arrangement of the rod.

— Direction of the rod force

= Direction of the mold(lateral concrete force)

(b) (c)

Figure 6. Direction of force between the rod and mold according to arrangement type: (a) Square arrangement; (b) Hexagonal

arrangement; (c) Circle arrangement.

In the case of a square arrangement, three rods hold mold a; vertically. However, a,
and a3 have no rods that hold vertically. A hexagonal arrangement has one or more rods
that hold b; and b, vertically, but no rods that hold bs vertically. The circle arrangement
has at least one rod that holds cj, ¢y, and c3 vertically. This allows the rod to strongly fix
the mold and prevent distortion by the lateral pressure of concrete.

The circle arrangement of the rod causes no interference from the rod. There is
interference for each arrangement due to the angle at the arrangement surface formed,
as shown in Figure 7. It is possible to check the interference when arranging the rod
at the same interval (d) on the arrangement and moving the rod of the part where the
arrangement is surface adjacent. Rectangular and hexagonal arrangements result in the
interference, even in a small movement or rod due to the angle at which the arrangement
surface formed. However, the circular arrangement does not have the arrangement surface
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angle, and the movement of rod causes no interference. Thus, arranging the rod in a circle
is the most suitable arrangement type for side mold control equipment.

d Arrangement surface of the rod d
[ / i
%{H U000 L
ﬁ.l.."lnterference =
— = Interference
— —]
— —
— —
— —
—

EEEEEEEEEE

— Movement of the rod

L0001

Figure 7. Interference according to the arrangement of the rod.

Rods arranged in a circle enable the reuse of the mold, as shown in Figure 8, because
various shapes can be implemented only with automatic movement of the rod. Therefore,
this study developed side mold control equipment using the circle arrangement and the
concept of the rod. The side mold control equipment implements the shape of FCP through
the process shown in Figure 9. First, the designed shape of FCP is inputted into the side
mold control equipment. Then, the distance of the rod that implements the inputted design
shape is checked. The rod is moved the checked distance. All of the rods fixing the mold
are moved. This method can change the shape, angle, and size of the mold and it satisfies
all of the requirements. Side mold control equipment can manufacture a variety of FCPs,
as shown in Figure 10.

Figure 8. Circle arrangement to implement the shapes.

4.3. Side Mold Control Equipment

Side mold control equipment consists of rods, a frame, and a control box, as shown in
Figure 11. (A) is the FCP shape implementation part, which produces various shapes of
the panel through the movement of rods. The diameter of (A) is 1400 mm, and (B), the total
size of the equipment, is 2600 mm.
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Designed shape

Side mold control
equipment Side mold control
Rod equipment

Side mold control
equipment

Figure 9. Concept of the side mold equipment.

Shape changes

Angle changes

Size changes

Figure 10. Side mold control equipment that implements various shapes of FCP.
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Figure 11. Side mold control equipment.
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The rods move automatically and implement the shape of the FCP. The circle was
divided into 18 sections, a total of 36 rods were arranged, with 18 at the top and 18 at
the bottom. It was determined that the number of rods to implement various shapes was
appropriate to manufacture the FCP, and two rods were arranged at the top and bottom
of each zone. Each rod moves precisely back and forth according to the motor’s number
of rotations and up to 500 mm. The rods manufacture a variety of panels through precise
movements within the FCP shape implementation. The rod holds the side mold. As shown
in Figure 12, the support part of the rod is magnetized, making it easy to attach the side
mold. However, depending on the panel’s shape, the rod support and mold is not parallel,
thus disturbing strong fixation. For a stronger fixation, a ball bearing was used. As shown
in Figure 13, it allows the support part of the rod to rotate. As the rod is arranged in a circle,
the frame is made in a circle. The four legs move vertically up to 300 mm. The control
box allows the overall operation of the equipment and individual numerical control of
the rod. All members of the equipment were firmly fixed. However, since rotation of the
internal one and bending of the upper and lower rods may occur when producing large-
sized members, the equipment can be strengthened by reinforcing structural cross-bracing
elements. Variable side molds are manufactured by attaching steel plates together using
bolts and metal spacers.

Motor for rotation of the rod Frame

Support part*

o

e Upper rod
o -\ — . c./ Magnet

[ Support part

o S ) . ]
y Lower rod — '
Sl Movement of the rod "

Figure 12. Configuration of the rod.
| |Ball bcaring/

Rod \’ \\Z‘

\

& |0}
TP o=
Rotation Q .
— e = e oy - —\-I—I_Q;‘f .
Magnet et

Attachment of rod and mold

— - == Variable side mold

Variable side mold

Figure 13. Rotation of the rod.

5. FCP Manufacturing Experiment
5.1. Equipment and Panel Specifications

The production range of FCP using the equipment was identified. The largest size of a
triangle panel allows the length of one side to be 1212 mm and the smallest size allows the
length to be 691 mm. The largest size of a rectangle panel allows the length of one side to be
989 mm and the smallest size allows the length to be 400 mm. The FCP was designed to be
600 mm x 600 mm X 100 mm as in Figure 14a based on the range of a rectangle. The shape
located at the center of the shape implementation part to check the rods to be operated (b).
S; and S3 operated three rods, while S; and S4 operated four rods. The operation value of
the rods was measured as shown in Table 1. The operation values of the rods fixing S; and
S3 were the same and S, and S4 were the same.
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Ro Rs R7

Ry,
Rz R4
600mm % 600mm ~ | A
(@) Rie -R1—7 Rw
(b)

Figure 14. Design for FCP production: (a) Designed shape; (b) Operating rod.
Table 1. Operating distance of the rod that implements the FCP shape (unit: mm).

Ry Rz R3 Ry Rs5 Re Ry Rg Ry

0.0 353.6 395.4 395.4 353.6 0.0 380.7 400 380.7

R1o Ru1 R12 Ry3 R4 Rys Ri6 Ry7 Ris

0.0 353.6 395.4 395.4 353.6 0.0 380.7 400 380.7

As shown in Figure 15, the side mold control equipment’s rod was moved to combine
the side mold, and the lower mold was installed. After curing the mortar, the mold was
removed. Finally, the manufactured FCP was 3D scanned.

(b)

(d)

Figure 15. Process of manufacturing FCP with side mold control equipment: (a) Mold combination; (b) Mortar casting;

(c) Curing; (d) Demold; (e) FCP 3D scan.
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5.2. Lateral Pressure on the Formwork

The thickness of the free-form concrete panels is generally in the range of 20 mm to
50 mm. In this study, the thickness of the panel for the experiment was set to the maximum
size (100 mm). Mortars (W /C of 40%) were cast in the combined mold. When calculated
with the unit weight (24 kN /m?) of the normal-weight concrete used in this experiment
and the height of the panel (0.1 m), the lateral pressure was estimated to be 2.4 kN/m?.
If the panel is made of lightweight concrete, the lateral pressure will be lower.

6. FCP Shape Error Analysis

Quality inspection of the FCPs was conducted to ensure that the FCP were manufac-
tured correctly according to the designed shape. It is difficult to identify the FCP shape
errors visually. Therefore, VXInspect, a quality inspection program, was used to analyze
the errors. The manufactured FCP was scanned and the errors between the designed shape
and scan data were compared.

FCP shape errors on the panel’s side will result in construction errors when assembling
them. However, some errors should be accommodated because it is impossible to make
a perfect match due to the nature of the free-form construction, which manufactures
panels of several meters in size. There are no specific regulations on the errors allowed for
free-form concrete panels. In this study, the side angle and the side surface of the panel
were set as the quality standard items. There is no quality standard for the angle of the
panel. Therefore, this study set the allowable errors below 0.1° to ensure the precision of
shapes. The side surface was set below 3%, which is the error allowable for the thickness
of walls in the Korean architectural regulations. Therefore, the side error in this study
was 3 mm, which was less than 3% of 100 mm in thickness. For the FCPs’ side angle
error, the side angle of the designed shape and scan data was compared. As shown in
Table 2, the maximum angle of all the XY, XZ, and YZ planes on the side of the panel, and
the overall angle taking them all into account was 0.037°, satisfying the quality reference
angle presented in this study to within 1°.

Table 2. Side angle error of the FCP (unit: °).

Side 1 Side 2 Side 3 Side 4

ZXY plane 0.004 0.003 0.001 0.001
ZXZ plane 0.001 0.005 0.021 0.000
ZYZ plane 0.010 0.001 0.000 0.037
All 0.010 0.003 0.021 0.037

Next, as shown in Figure 16, the side error was analyzed. A total of 80 nodes were
designated in four surfaces, 20 nodes side by side. The analyzed error had directionality.
Based on the designed shape, the error had a vector value of (+a) in the outside direction or
a vector value of (—3a) in the inside direction. Therefore, the allowable error of side should
be within £3 mm in this study. The minimum value in Table 3 represents the maximum
error in the direction inside the designed shape. The minimum error was measured to be
—2.471, and the maximum error was measured to be 4.957 mm. The maximum error was
out of the error range suggested in this study, which caused errors due to the failure to
fully level the side mold control equipment during the experiment. However, side errors
excluding this section were smaller than £3 mm.

As shown in Table 3, errors were measured excluding specific section. The minimum
error was —2.471 mm and a maximum was 1.472 mm. This result was within the error
range of 3 mm. As a result, the FCP manufactured by side mold control equipment
satisfied the allowable error.
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Figure 16. Analysis method of FCP shape errors: (a) Scan data; (b) Cross section of scan data.
Table 3. Side error of FCP (unit: mm).
Sidel  Side2  Side3  Sided All Side Error Excluding
Particular Section
Min. —2.471 —1.367 —0.797 —1.429 —2.471 —2.471
Max. 4.957 1.135 1.278 1.472 4.957 1.472
Mean. 0.342 —0.086 0.143 0.095 0.123 —0.084
S.D. 2.218 0.917 0.766 0.921 1.313 0.964

7. Conclusions

In this study, side mold control equipment was developed to produce FCPs of various
shapes. In the equipment, the rods operate automatically to support the side mold. The rods
are arranged in a circle to support any shape of mold. The circle arrangement has no
interference of rods and strongly fixes any shape of molds. In addition, the equipment
automatically manufactures various shapes. The designed shape was inputted into the side
mold control equipment, and the number of rods and the range were checked. Then, all
the rods that can fix the molds were moved and the shapes were implemented. Since this
equipment is a technology that manufactures various shapes, the shape errors may occur
when manufacturing FCP. The errors were verified by analyzing the side angle and side
error of FCP. First, the allowable error of side angle should be within 0.1° according to the
precision of shapes. The maximum error of side angle was 0.037°. Next, the allowable
error of the side surface should be within 3 mm (3%) according to the Korean architectural
regulations when setting the thickness of FCP at 100 mm. The error was within 3 mm,
smaller than the allowable error suggested by the study. The side mold control equipment
was capable of manufacturing the FCP precisely. Furthermore, it was able to manufacture
FCPs automatically without manpower. However, this study analyzed the errors for only
one shape. Therefore, it is necessary to verify the ability to manufacture various shapes.
Additionally, it is very important to manufacture the curved shapes precisely. Therefore,
additional studies are needed to solve these issues.
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