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Manufacturing Automation System of Freeform Concrete Formwork Using
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KEYWORDS: Additive manufacturing (Z1& 7} ), Rapid prototyping (2= &), 3D printing (3D ZZI&!), Freeform concrete formwork
(HIMS 232|E 7{ZEZ]), Manufacturing automation (AAF XS 3}

The number of freeform buildings has been continuously increasing, serving as a landmark representing a country or a city.
However, most of the freeform buildings have been built with conventional construction methods and required a tremendous
amount of construction cost. This study seeks to apply additive manufacturing technologies to the freeform concrete
formwork. Among many additive manufacturing techniques, the study focuses on the Laminated Object Manufacturing
(LOM) method because of its advantages on building speed and cost. Also, the LOM technique is modified by using
sloped angle at the side surface of the laminated layer (called Sloped-LOM or S-LOM), which yields great increase in the
accuracy. We built a new FreeForm Formwork 3D Printer (named F3D printer) using the new approach. The F3D printer
consists of a 5-axis laser cutting device for sloped cutting of EPS (Expanded Poly-Styrene) sheets with high speed, an auto
pallet changer for EPS feeding, and a palletizer for EPS loading. This paper introduces the S-LOM method and the F3D
printer, and the comparisons of the outputs from the conventional method and S-LOM method through actual formwork

production.
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2. Sloped-LOM 3%
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— Material : Expanded PolyStyren(EPS) board

Staircase effect

I._.

(a) Staircase effect
Sloped angle

(b) Sloped angle
Fig. 1 S-LOM method
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Fig. 2 How the freeform structure is created using S-LOM method
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3. F3D Printer
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4. Case Study
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Fig. 9 Formwork tool path generation

Table 1 Geometry of the wall and column structure

Wall structure Column structure

Height (mm) 600.00 1600.00
Length (mm) 600.00 749.17
Width (mm) 150.00 704.22
Total area (m?) 1.267 2.876
Volume (m®) 0.036 0.279
Table 2 Characteristics of bead method type 1
Criteria 1
Density (kg/m?) 30 or higher
Initial thermal conductivity (W/m-K) 0.036 or lower
Flexural breaking load (N) 35 or higher
Compressive strength (N/cm?) 16 or higher
Absorptivity (2/100 cm?) 1.0 or lower
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Table 3 Time for the concrete wall structure

Time (hour)

Task Conventional S-LOM

method method
Cutting 2.07
Feeding 5.90 0.35

Formwork —_— -
manufacturing Laminating 1.13
Surface

finishing 0.25 0.25
Formwork installation 0.40 0.40
Concrete placing 1.53 1.53
Formwork removal 0.10 0.10
Total 8.18 5.83

Table 4 Time for the concrete column structure

Time (hour)

Task Conventional S-LOM

method method
Cutting 8.78
Feeding 63.52 3.70

Formwork —_— _
manufacturing Laminating 1.75
Surface

finishing 0.50 0.50
Formwork installation 1.08 1.08
Concrete placing 2.05 2.05
Formwork removal 0.57 0.57
Total 67.72 18.43

SHE AR wf oF 162 hour/m’?] AJAHIS
), oF $429] A7 H]-go] AQ Gt 1L} 7]
53l Aaksld 227 hour/m’e] AIME QI 4= 9k
Fu7F & 7ls F29 S Aot o wWEshA vehdtt
Table 4| 2J3}H S-LOM 3H-S AFF-S o 66 hour/m’e] 2
et A $5139] A= ‘ﬂlﬂol 2= AL BRI 5 A
o} 5h 7] e 79 243 hour/m’e] Axbs Agict.
o] ﬁﬂ}il'?—ﬂ 2 AtollA AFeE S-LOM 32 AER] A
SHollA FEe] Tk 5E 2t Q=
olg 4= 31‘4- olﬂfﬂ’ A= FYEE 22 F97F S5
, A uphA P 7] Agsto] AEHY
A= —’?‘—7]'i ﬂﬂﬁ}d o, o5 &gk Aol B

2 =R e v AR AR $e AR 3
o] A=}, o] Wi LOM 7|&9] Ay oA AAte



January 2020/49

Hgalol wo JAus APt ARHOR 1T S, &
&5 A7) A% A2 9

T3, At WS HFH7] 918 F3D Printer 253} Al
o] 7= 2ich. F3D Printer A28 QALY 25E T 7
A AR ] FAHE W AEsiete] TARE Ulo] sk
258 Ashs 22 Az 7lee] d Aol 7did 4= 2l

U )

chR 9 RG2S QA RIS A AL chopst 7
of Tiet b2l Ak A, A CAM T2 A, AHgA

2Iefso] 0] Ao] F7b8 0 SaElofof
of Bago] 2 AAEE aFsk 9o ol
1] 3] ﬂ.o]l:la]t 7ﬂ?ﬂ- H)
ohet 4A A
sl dat Bt

ACKNOWLEDGEMENT

2 oA

ZEPER TAAZATAGe]  dA7n|A Y
(19AUDP-B121595-04)0] ©]a} 4= %241 T}

REFERENCES

1. Hack, N. P, “Mesh Mould: A Robotically Fabricated Structural
Stay-in-Place Formwork System,” ETH Zurich, 2018.

2. Robert, H., “Think Formwork-Reduced Cost,”
Magazine, pp. 14-16, 2007.

Structure

3. De Soto, B. G, Agusti-Juan, 1., Hunhevicz, J., Joss, S., Graser,
K., et al., “Productivity of Digital Fabrication in Construction:
Cost and Time Analysis of a Robotically Built Wall,”
Automation in Construction, Vol. 92, pp. 297-311, 2018.

4. Sendergaard, A., Feringa, J., Nerbjerg, T., Steenstrup, K.,
Brander, D., et al., “Robotic Hot-Blade Cutting,” Robotic
Fabrication in Architecture, Art and Design, pp. 150-164, 2016.

5. TailorCreate, “TailorCrete,” http://www.tailorcrete.com/ (Accessed
9 DEC 2019)

6. Andersen, T. J., Thrane, L. N., and Greisen, J. R., “Robot Milled
Formwork for Non-Standardized Concrete Structures,” Proc. of
the IASS Annual Symposia on 3D Printing and Robotics, pp. 1-
8, 2015.

7. Oesterle, S., Vansteenkiste, A., and Mirjan, A., “Zero Waste
Free-Form Formwork,” Proc. of the ICFF 2nd International
Conference on Flexible Formwork, Vol. 30, pp. 258-267, 2012.

8. Lloret, E., Shahab, A. R., Linus, M., Flatt, R. J., Gramazio, F., et
al., “Complex Concrete Structures: Merging Existing Casting

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Techniques with Digital Fabrication,”
Vol. 60, pp. 40-49, 2015.

Computer-Aided Design,

Jipa, A., Bernhard, M., Meibodi, M., and Dillenburger, B., “3D-
Printed Stay-in-Place Formwork for Topologically Optimized
Proc of the TxA Emerging Design +
Technology Conference on Texas Society of Architects, pp. 97-
107, 2016.

Concrete Slabs,”

Orr, J. J., Darby, A. P, Ibell, T. J., Evernden, M., and Otlet, M.,
“Concrete  Structures Using Fabric Formwork,”
Engineer, Vol. 89, No. 8, pp. 20-26, 2011.

Structural

Kromoser, B. and Kollegger, J., ‘“Pneumatic Forming of
Hardened Concrete—Building Shells in the 21st Century,”

Structural Concrete, Vol. 16, No. 2, pp. 161-171, 2015.

Sendergaard, A., Feringa, J., Stan, F., and Maier, D., “Robotic
Abrasive Wire Cutting of Polymerized Styrene Formwork
Systems for Cost-Effective Realization of Topology-Optimized
Concrete Structures,” Construction Robotics, Vol. 2, Nos. 1-4,
pp- 81-92, 2018.

Brander, D., Barentzen, J. A., Clausen, K., Fisker, A. S,
Gravesen, J., et al., “Designing for Hot-Blade Cutting: Geometric
Approaches for High-Speed Manufacturing of Doubly-Curved
Architectural Surfaces,” Advances in Architectural Geometry, pp.
306-327, 2016.

Seo, J. and Hong, D., “3D Cutting Machine of EPS Foam for
Manufacturing Free-Formed Concrete Mold,” Journal of the

Korean Society for Precision Engineering, Vol. 34, No. 1, pp. 35-
39, 2017.

Lee, D. Y, Lee, D. M., Cho, H. H., and Kang, K. L., “The
Production Process and Mock-Up Test of Freeform Concrete
Segments Using LOM Type 3D Printer,” Journal of the Korea
Institute of Building Construction, Vol. 18, No. 1, pp. 89-98, 2018.

Jeong, S., Sim, J., Kim, H., Shin, D., and Hong, D., “Application
of LOM for Freeform Architecture,” Journal of the Korean
Society for Precision Engineering, Vol. 34, No. 12, pp. 903-909,
2017.

Lee, J. H., Ju, Y. K., and Kim, H. B.,
Lateral Pressure on the 3D Printed Irregular-Shaped Formwork
by Finite Element Analysis,” Journal of the Korean Association
for Spatial Structures, Vol. 17, No. 4, pp. 167-174, 2017.

“Evaluation of Maximum

Kim, H., Sim, J., Jeong, S., and Hong, D., “A Study on Optimal
Cutting Condition of EPS Foam Cutting based on Collimated
CO, Laser Beam,” Journal of the Korean Society for Precision
Engineering, Vol. 36, No. 9, pp. 859-865, 2019.

Bikas, H., Stavropoulos, P, and Chryssolouris, G, “Additive
Manufacturing Methods and Modelling Approaches: A Critical
Review,” The International Journal of Advanced Manufacturing
Technology, Vol. 83, Nos. 1-4, pp. 389-405, 2016.

Hope, R., Jacobs, P., and Roth, R.,
Sloping Surfaces,”
12-19, 1997.

“Rapid Prototyping with
Rapid Prototyping Journal, Vol. 3, No. 1, pp.



50/ January 2020

21

22.

23.

. Kang, J. G, “Development of Post-Processor and Cutting Motion
Simulator for 5-Axis CNC Laser Cutting Machine,” Journal of
the Korean Society of Manufacturing Process Engineers, Vol. 8,
No. 4, pp. 7-13, 2009.

Shehata, M. E. and El-Gohary, K. M., “Towards Improving
Construction Labor Productivity and Projects’ Performance,”
Alexandria Engineering Journal, Vol. 50, No. 4, pp. 321-330,
2011.

Park, Y., Jo, S., and Kim, S., “Development of the Free-Formed
Concrete Structure Construction Technologies Using 3D Digital
Design,” Proc. of the Korea Institute of Building Construction
Autumn Conference, Vol. 12, No. 1, pp. 205-208, 2012.

Joonhyeok Sim

M.S. candidate in the Department of
Mechanical Engineering, Korea University.
His research interests include construction
robot and manufacturing automation.
E-mail: vkfak123@korea.ac.kr

Hakmin Kim

M.S. in the Department of Mechanical Engi-
neering, Korea University. His research
interests include robotics and manufacturing
automation.

E-mail: khm6015@korea.ac.kr

V ﬂ Kyunwoo Park
M.S. candidate in the Department of Auto-
motive Convergence, Korea University. His
= = research interest is automotive electric con-
trol.

i e I E-mail: pwoo9445@korea.ac.kr

Chanwoo Kim

B.Sc. candidate in the Department of
Mechanical Engineering, Korea University.
His research interest is robotics.

E-mail: Chapel5@korea.ac.kr

Daehie Hong

Professor in the school of mechanical engi-
neering, Korea University. His research
interests include manufacturing automation,
precision machine design and control, and
field robotics.

E-mail: dhhong@korea.ac.kr



	Manufacturing Automation System of Freeform Concrete Formwork Using S-LOM Method
	1. 서론
	2. Sloped-LOM 공법
	3. F3D Printer
	4. Case Study
	REFERENCES


