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Abstract:

The paper presents the study of L-type corner joint between three wooden elements connected with a
3D printed connector obtained by applying fused filament fabrication (FFF) method as additive
manufacturing and black polylactic acid (PLA) filament as material. The solid wood elements are made of
beech (Fagus Sylvatica L.) and their jointing simulates the connection between leg and two stretchers (rail)
of a chair. The corner joints with 3D printed connectors were subjected to mechanical testing under tensile
and compression loads and the results were compared with those of the classical mortise-tenon jointed
assembly of the same components, considered as the reference one. The results have shown that the
assembly with the 3D printed connector was more resistant to tensile load than the reference, but couldn’t
reach the performance of the classical mortise-tenon joint when it was subjected to compression load. The
analysis of the defects occurred in the connectors after mechanical testing revealed a good interlayer
adhesion, but fractures in the structure of the PLA material, specific to hard and breakable materials.
Instead, the wooden elements were less affected in this case compared with the classical joints, where large
fractures of wooden components occurred, both for the leg and stretcher elements. The conclusion is that
the 3D printed connector protects the wooden components from breaking in case of applying tensile and
compression loads, being the first affected by the stresses occurred in the joint.
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INTRODUCTION

Fused Filament Fabrication (FFF) is the most used method in additive manufacturing (AM), due to its
simplicity, low cost and accessibility. It is used in modelling, prototyping, but also in the production of objects
with various applications. It consists in depositing at a constant rate the material under constant pressure
through a nozzle, and afterwards the extruded material completely solidifies, adhering to the previous
material layer (Popescu et al. 2018). In the case of complex geometries it is necessary to add material to
create a structure to support the geometry of the part in the correct position during the printing process,
which is subsequently removed, in some cases with some difficulty (Aydin 2015). Currently, the materials
from which filaments for FFF are made are thermoplastic materials, such as nylon, acrylonitrile-butadiene-
styrene (ABS), polyethylene terephthalate (PET), polycarbonate (PC), polylactic acid (PLA) and
thermoplastic polyester (TPC), and they are used to produce complex geometries (Shahrubudina et al.
2019). At present, the commonly used materials for filaments in FFF technology are ABS and PLA,
especially for their low cost, but ABS filaments have as drawbacks the slightly toxic exudate and their
sensitivity to thermal deformation, whilst the PLA filaments have the advantage of being environmentally
friendly, allowing green production and new possibilities of development (Chen et al. 2023, Jarza et al.
2023). PLA filaments used in 3D printing have a variety of colours and can create an attractive design (Felek
2020), including hybrid furniture, where the wood in combination with other different colours of 3D printed
components have an attractive appearance, without limitations of shapes and design, bringing also
advantages, such as: ease of the technological processes especially for wood jointing, reduction of the
production time and especially of the time allocated for the assembly process, manufacture dismountable
furniture and thus allowing the secondary recycling of the wooden components, prolonging in the same time
the furniture service life with a positive impact on the environment (Yang and Du 2022).

In the traditional manufacturing process, there are constraints in the execution of the joints between
the wooden parts, which are usually limited to 90° angles and two components in the same joint (Magrisso et
al. 2018) and that’s why the 3D models of the printed connectors can be designed without any restriction of
shape or number of jointed components. The 3D models can be created using Computer-aided design
(CAD) software, such as AutoCAD, SolidWorks, Autodesk 3ds Max, Maya, Blender or Rhino, and as (.STL)
files they are imported by the printer software, which slices the model into individual layers and send the
information to the printer, which adds layers of material to obtain the printed object.
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To provide safety in the use of the furniture, the 3D printed connectors are subjected to mechanical
evaluation tests on the corner (L-type) jointed elements for the diagonal compression and diagonal tensile
loads (Derikvand et al. 2015, Smardzewski et al. 2016, Ayrilmis et al. 2020, Majewski et al. 2020, Krzyzaniak
et al. 2021, Nicolau et al. 2023) or, in the case of using the connectors to assemble the chairs, the strength
and durability of the seat and back can be determined by applying perpendicular forces to their middle points
(Aiman et al. 2020, Hajdarevic et al. 2023). In order to improve the mechanical strength, the manufacturing
time and the quality of the surface of the 3D printed specimens with FFF printers, the studies from the
literature show that the layer thickness and the raster widths have to be minimal (Simion and Arion 2016,
Chacon et al. 2017, Popescu et al. 2018), and the temperature influences the PLA filament bonding (Chen et
al. 2023). The presence of colorant additives in the PLA filaments (Wittbrodt et al. 2015) indicated that the
inter-layers gaps have different sizes, depending on the colorants used, some of them having the feature to
restrict the heat flow and influence the adherence between the subsequent layers.

There is limited information available regarding the assessment of the mechanical strength of the 3D
printed connectors for furniture and especially for the chairs, fact that influenced the motivation of the
present study.

OBJECTIVE

The objective of the present paper is to create in SolidWorks software a 3D model of the connector
intended to be used for jointing the leg and two stretchers (rail) of a chair, to print the connector using black
PLA filament as material and FFF technology for 3D printing, to assemble the beech wood elements and the
connector and to test the formed L-type corner joints to diagonal tensile and diagonal compression loads and
compare the results with the mortise and tenon jointed elements considered as reference.

MATERIAL, METHOD, EQUIPMENT

The wooden components of the L-type corner joints were made from beech wood (Fagus sylvatica L.),
with sizes of 50mmx35mmx35mm for the leg, and 210mmx35mmx22mm for the stretchers, at a moisture
content of 8.5%. The calculated density of beech wood, as ratio between the masses and the volumes of the
samples at the moisture content of 8.5%, was 698 kg/m®.
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Fig. 1.
Sizes and shape of the 3D printed connector used in the research: a. drawing of the connector; b. the
3D printed connector with black PLA.

When the 3D printed connector was used, the wooden parts were introduced with a forced adjustment
into the connector, and no adhesive was used. The wooden part corresponding to the leg has been
introduced 50 mm along the square section (35mmx35mm) of the connector at a length of 50mm, and the
two wooden stretchers have been introduced at 30mm depth into the rectangular sections of the connector.
The sizes of the connector are presented in Fig. 1a, and the 3D model of the connector made using the
software SolidWorks 3D CAD, version 2016 developed by Dassault Systemes, France is presented in Fig.
1b. For the 3D printing, the 3D model was exported to the printer software as a ".sldprt" file. For the
reference, commercial Novobond D2 polyvinyl acetate was used for mortise and tenon jointing.
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Black PLA filament with a diameter of 2.85 mm was used as material for 3D printing the connectors,
using the CreatBot DX Plus-3D printer (manufacturer Henan Creatbot Technology Limited, Zhengzhou City,
Henan Province, China). This printer has the following characteristics: flament diameter of 2.85 mm, nozzle
temperature up to 260°C, open filament system, maximum print speed of 200 mm/s, build area of
250mmx300mmx520mm, layer height between 0.05 mm and 0.5 mm, resolution 0.05 mm. In Table 1 the
characteristics of the black PLA filament is presented, as provided by the manufacturer Formfutura VOF,
Nijmegen (The Netherlands). The filament contains polylactic acid and additional colorant, which can imprint
certain properties to the filament. The properties provided by the manufacturer are presented in Table 1.

Table 1
Characteristics of the black PLA filaments used for 3D printing the designed connector
Characteristics Value
Density 1.24 g/lcm®
Melting temperature 210+ 10°C
Print temperature 190 — 225 °C
Impact strength 6 kd/m?
Tensile strength (ASTM D882) 105 MPa
Tensile modulus (ASTM D882) 3145 MPa
Elongation at break (ASTM D882) 175%
Flexural modulus 2364.3 MPa

FFF technology was employed for the 3D printing process. The main printing parameters were, as
follows: printing speed of 50 mm/s; extrusion width 0.8 mm, flow 115%, fills density 100%, printing
temperature 260°C, bed temperature 60°C, and layer height of 0.2 mm. For the support an overhang angle
of 40°C and a fill amount of 40% were used. First, the filament deposition creates the base of the next layers
as a closed contour, named perimeter. The infill deposition was selected to be done at an inclination angle of
45° relative to the direction of the perimeter and perpendicular to the previous layer. This pattern, alternating
in the X and Y direction is considered appropriate to obtain resistant structures under mechanical loads,
according to the studies from the literature (Kadhum et al. 2023, Sandanamsamy et al. 2023).

b
Fig. 2.
The printing position of the connector (a) and the placement of the support for 3 parts during the 3D
printing process.

The printing position of the connector is shown in Fig. 2a. As seen in Fig. 2b, three connectors were
printed in the same time, but the deposition of the printed layers was possible only with the help of a support
material, which is removed after printing.

Both the classical mortise-tenon L-type joint between the wooden parts (reference), and the L-type
joint with connector were subjected to diagonal compression and diagonal tensile testing in the same
conditions. The tests were conducted on the Zwick/Roell Z010 universal testing machine (Ulm, Germany) for
six samples of each L-type corner joint. The position of the L-type corner joint for the diagonal compression
test is presented in Fig. 3a, and for the diagonal tensile test in Fig. 3b.
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a
Fig. 3.
Testing the L-type corner joint where the 3D printed connector is included, under compression load
(a) and tensile load (b).

The theoretical models for calculating the bending moments under compression load (Mc) and under
tensile load (Mt) respectively are presented in Fig. 4a and Fig. 4b.

a b
Fig. 4.
The scheme of testing the L-type corner joint under compression load (a) and tensile load (b)

The bending moments under the tensile (Mt) and compression (Mc) loads were calculated with
equations (1) and (2), respectively:
(1)

F
ﬂfrr :E'Lr;[lnir'm]
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where: Lt and Lc are the moment arms under tensile and compression loads, in m, and F is the maximum
failure load, in N.

RESULTS AND DISCUSSION

The average values of the maximum breaking forces recorded for the L-corner joints with connector
(named as PLA) and for the reference (named as Beech) subjected to diagonal compression and diagonal
tensile loads are presented in Fig. 5a and the mean values of the moments calculated with equations (1) for
tensile and (2) for compression, are presented in Fig. 5b.
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Fig. 5.

Variation of the mechanical properties: Maximum force F, in N (a) and bending moments under
compression load (Mc) and tensile load (Mt) (b).

In the case of mortise and tenon beech wood joints, for both types of tests, it was observed that the
more affected part of the assembly was the tenon, which have deformed and then broken, followed by deep
cracks along the stretchers and rarely along the leg (Fig. 6). In Fig. 6, the chair leg fracture is marked with 1,
the tenon break areas are marked with 2 and the deep crack of the stretcher with 3.
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Fig. 6.
The L-type corner joint of beech wood elements and the way of breaking them after applying the
tensile (a) and compression loads (b).

In the case of mortise and tenon joints subjected to compression and tensile loads, the predominant
break (Fig. 6) occurred transversely on the tenon section, which demonstrates a better adhesion between
the beech wood fibers, a property that is characteristic of high-density wood. Also from studying the graphs
contained in Fig. 5 we note that the maximum force (F) under compression load has higher values than the
one resulted under tensile load, and the bending moment (Mc) is greater than the tensile bending moment
(Mt) in case of reference sample.

b

Fig. 7.

The L-type corner joint where the 3D printed connector was used, and the way of breaking them after
applying the tensile and compression loads; fracture of tenon (a), fracture of connector in the area of
stretcher insertion into the connector (b) and partial fracture of leg combined with total fracture of
connector (c).

When testing the joints with the 3D printed connector, as seen in the graphs from Fig. 5, the maximum
force (F) under tensile load is higher than the one obtained after the compression load was applied, and still
the bending moment Mc remained higher than Mt. The conclusion is that the connector contributes to the
strength of the L-type corner joint when it is subjected to tensile loads, but this assembly is not as resistant
as the classical mortise and tenon joint in case of applying diagonal compression forces on the joint.
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Analysing the images in Fig. 7, it can be seen the most frequent transversal fracture occurred at the
tenon after applying the compression load (Fig. 7a). In Fig. 7b the cracks occurred at the connector in the
stretcher insertion area (Fig. 7b) and rarely to the leg connection (Fig. 7c), when the corner joint was
subjected to tensile load. The cracks in Fig. 7b caused the stretcher to slip out of the joint, faster in case of
larger delamination or rupture, but the recorded maximum forces (F) were anyhow higher under tensile load
for the assembly with connector than for the reference assembly. The same effect of sliding out the 3D
printed connector of the socket on the joint damage was noticed for L-type joints of particleboard (Krzyzaniak
et al. 2021). In this case, a great importance has the size accuracy of the wooden components and of the
connector. When the adjustment between the connector and the stretcher is too wide, it is easier for the
stretcher to slip out of the connector, causing the fractures of the connector. As noticed by several
researchers (Chacoén et al. 2017, Popescu et al. 2018), the accuracy of the printed specimen depends on the
printing parameters and have influence on the mechanical properties of the final object.

The way the connectors were broken after subjected them to mechanical loads indicated that black
PLA is a hard and breakable material. This feature can be influenced by the addition of colorant into the PLA
natural material, which changes the tensile and vyield strengths, the maximum strain and crystallinity in
relation to the PLA as a natural state material (Wittbrodt and Pearce 2015).

Being made from a hard and breakable material, the 3D printed connector practically fractured on
several layers after mechanical testing (Fig. 7), so the propagation of the cracks is not influenced by the
interlayer adhesion, which can be considered a good one. In case of L-type corner joints with 3D printed
connectors subjected to diagonal tensile and diagonal compression, the major failures occured in the
connectors. Instead, the wooden elements were partially or totally broken during the tests for the wooden
mortise and tenon L-type corner joints. This can be considered as an advantage for the assemblies with 3D
printed connectors, because the wooden parts can remain unaffected during the use of the chair, and
damaged connectors can be replaced, thus allowing the reuse of the damaged chair.

More than that, the assembly with 3D printed connectors allows the dismountable construction of the
chair, so any damaged wooden components can be replaced, prolonging the life cicle of the chair. Black
PLA proved to be a brittle material, so further research can be conducted on the increasing of the
mechanical performance of the printed connector to the diagonal compression load, by applying tools like
finite element method (FEM) to study the stresses occured in the connector, followed by an optimization of
the shape and of the size of the connector, and by the construction of a chair with these optimized
connectors and test the chair for strength and durability.

CONCLUSIONS

- The analysis of the defects occurred in the connectors after mechanical testing revealed a good
interlayer adhesion, but fractures in the structure of the PLA material, specific to hard and breakable
materials.

- The wooden elements were very much affected in case of mortise and tenon jointed elements and
less affected in case of using the 3D connectors for the assembly. It can be said that the 3D printed
connector protects the wooden components from breaking in case of applying diagonal tensile and
diagonal compression loads on the L-type corner joints with these connectors.

- The assembly with 3D printed connectors can be used in the construction of the chairs, allowing
their dismountable construction and prolonging their life by replacing the damaged connectors or
wooden components in case of damages occurred during their use.

- Black PLA filament used for the 3D printed connector behaves like a brittle material, and the
mechanical testing of L-type corner joints that use this connector usually fracture several layers of
the part with partial interlayer delamination, but have the tendency to maintain the strength in the
affected area, as proved by the high values recorded for the maximum forces at break in case of
diagonal tensile loads.

- The strength of the L-type corner joint with connector under the compression load is lower than for
the mortise and tenon assembly, so further research is needed to improve this property, by
optimizing the shape and sizes of the connector, and improve the adherence between the connector
and wooden parts.

- A chair with the optimized connectors has to be constructed as a further step in research and
strength and durability tests have to be conducted in order to see if the connector ensure enough
strength to the assembly.

75



ONLINE ISSN 2069-7430 PRO LIGNO Vol. 20 N° 2 2024

ISSN-L 1841-4737 www.proligno.ro pp. 69-76

REFERENCES

Aiman AF, Sanusi H, Haidiezul AHM, Cheong HY (2020) Design and structural analysis of 3D-printed
modular furniture joints. IOP Conference Series: Materials Science and Engineering, 932, 012101.
DOI:10.1088/1757-899X/932/1/012101

Aydin M (2015) Additive Manufacturing: Is It a New Era for Furniture Production? Journal of Mechanics
Engineering and Automation 2015, 5, 338-347. Doi: 10.17265/2159-5275/2015.06.002.

Ayrilmis N, As N, Dindar T, Sendag A (2020) Determination of Bending Moment of L-Type Corner Joints
Used in Chair Pro-duction and Their Effects on Mechanical Performance of Chairs. Mater. Int. 2, 0318-0323.

Chacén JM, Caminero MA, Garcia-Plaza E, Nafiez PJ (2017) Additive manufacturing of PLA structures
using fused deposition modelling: Effect of process parameters on mechanical properties and their optimal
selection. Materials & Design 124, 143-157. https://doi.org/10.1016/j.matdes.2017.03.065

Chen C, Yang W, Teng H, Liao S, Tsao C (2023) Study on the application of 3D printing to wooden furniture
connectors. Journal of Physics: Conference Series 2631(1), 012006. DOI:10.1088/1742-
6596/2631/1/012006

Derikvand M, Eckelman CA (2015) Bending Moment Capacity of L-Shaped Mitered Frame Joints
Constructed of MDF and Particleboard. Bioresources 10, 5677-5690.

Felek SO (2020) A new Era in Furniture Production: 3D Printer. International Conference on Knowledge &
Innovation in Engi-neering, Science &Technology, March 2020, Budapest, Hungary.

Hajdarevic S, Kuzman MK, Obucina M, Vratu$a S, Kusar T, Kariz M (2023) Strength and stiffness of 3D-
printed connectors compared with the wooden mortise and tenon joints for chairs, Wood Material Science &
Engineering 18(3):870-883, DOI: 10.1080/17480272.2022.2086065

Jarza L, Cavlovié AO, Pervan S, Spani¢ N, Klari¢ M, Prekrat S (2023) Additive Technologies and Their
Applications in Furniture Design and Manufacturing. Drvna Industija 74(1):115-128.

Kadhum AH, Al-Zubaidi S, Abdulkareem SS (2023) Effect of the Infill Patterns on the Mechanical and
Surface Characteristics of 3D Printing of PLA, PLA+ and PETG Materials. ChemEngineering 7, 46.
https://doi.org/10.3390/chemengineering7030046

Krzyzaniak £, Kuskun T, Kasal A, Smardzewski J (2021) Analysis of the Internal Mounting Forces and
Strength of Newly Designed Fastener to Joints Wood and Wood-Based Panels, Materials 14, 7119.

Magrisso S, Mizrahi M, Zoran A (2018) Digital Joinery for Hybrid Carpentry. In Proceedings of the 2018 CHI
Conference on Human Factors in Computing Systems, Montreal, Canada, 21-26 April 2018, 167.

Majewski A, Krystofiak T, Smardzewski J (2020) Mechanical Properties of Corner Joints Made of
Honeycomb Panels with Double Arrow-Shaped Auxetic Cores. Materials 13, 4212.

Nicolau A, Pop MA, Georgescu SV, Cosereanu C (2023) Application of Additive Manufacturing Technology
for Chair Parts Connections. Appl. Sci. 13, 12044. https://doi.org/10.3390/app132112044

Popescu D, Zapciu A, Amza C, Baciu F, Marinescu R (2018) FDM process parameters influence over the
mechanical properties of polymer specimens: A review. Polymer Testing 69, 157-166.
https://doi.org/10.1016/j.polymertesting.2018.05.020

Sandanamsamy L, Harun WSW, Ishak I, Romlay FRM, Kadirgama K, Ramasamy D, Idris SRA, Tsumori F
(2023) A comprehensive review on fused deposition modelling of polylactic acid. Progress in Additive
Manufacturing 8, 775-799. https://doi.org/10.1007/s40964-022-00356-w.

Shahrubudina N, Leea T, Ramlana R (2019) An Overview on 3D Printing Technology: Technological,
Materials, and Applications. Procedia Manufacturing 35, 1286-1296.

Simion I, Arion AF (2016) Dimensioning Rules for 3d Printed Parts Using Additive Technologies (FDM).
U.P.B. Sci. Bull., Series D, 78(2):79-92.

Smardzewski J, Rzepa B, Kilig H (2016) Mechanical Properties of Externally Invisible Furniture Joints Made
of Wood-Based Composites. Bioresources 11, 1224-1239.

Wittbrodt B, Pearce JM (2015) The effects of PLA color on material properties of 3-D printed components.
Additive Manufacturing 8, 110-116. http://dx.doi.org/10.1016/j.addma.2015.09.006

Yang S, Du P (2022) The Application of 3D Printing Technology in Furniture Design. Scientific Programming
2022, 1960038. https://doi.org/10.1155/2022/1960038

76


https://doi.org/10.3390/chemengineering7030046
https://doi.org/10.3390/app132112044
https://doi.org/10.1016/j.polymertesting.2018.05.020
http://dx.doi.org/10.1016/j.addma.2015.09.006

