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Executive Summaries
Research on the design methodology and production of lattice structures has been 
widely conducted; however, studies on the repair and maintenance of lattice struc-
tures, which play an important role in the circular economies, are rare. In this study, 
four different tests viz. compressive, tensile, shear, and three-point bending tests 
were carried out to determine the repairability of the lattice structure and observe 
the effects of repair in the circular economy. 

In each test, the specimens were divided into two groups: standard, which were 
printed in a single piece, and joined, which were adhesively bonded. These were 
fabricated using fused deposition modelling (FDM) with polylactic acid (PLA). An oc-
tet-truss stretch-dominated lattice, with a strut length of 10 mm and a strut diameter 
of 1–2.5 mm at 0.5 mm intervals, was used. 

The results indicate that the use of compression and shear stress in repair under 
the constraint of this study can lead to a mechanical response that is most similar to 
the original state, while tension and flexural stress may lead to failing of the bonded 
parts before the structure starts yielding. As a result, the direction of stress acting 
on the product should be considered for the repair of the lattice structure.

Recycling of materials has less impact on the environment and is thus beneficial; 
however, it is less effective compared to repairing and reusing products as it re-
quires more resources. For the repair of the lattice structure, accuracy is essential 
because a defective lattice structure may significantly affect the mechanical re-
sponse of the structure, influencing the functioning. Therefore, accurate repair can 
play a positive role in extending the life span of a product, thus enabling a more 
efficient circular economy.
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Abstract
Repair and maintenance of products require few resources in a circular economy, 
minimising the environmental impact of manufacturing and use of products. Al-
though lightweight lattice structures have been widely investigated in various fields 
owing to their advantages in terms of their mechanical characteristics and the devel-
opment of additive manufacturing, research on lattice structures has focused mainly 
on process and design methods for structural development, and not on the repair 
of lattice structures. In the present study, the repairability of lattice structures was 
studied to extend the lifetimes of lattice-structured products; this would enable the 
reuse of products and induce people to directly get involved in creating a circular 
economy. To determine the factors to be considered for repairing lattice structures, 
standard specimens fabricated in the form of single undivided and adhesively bond-
ed joint samples were fabricated by fused deposition modelling, and compared 
under four quasi-static tests: compression, tensile, shear, and three-point bending. 
The octet-truss unit cell was used in the specimen with a strut diameter of 1–2.5 mm 
at 0.5 mm intervals and a length of 10 mm. The difference in mechanical response 
between the two groups was significant in the tensile and three-point bending tests, 
while the compressive and shear tests showed similar results. Therefore, determina-
tion of the direction of the stress imposed on the products is essential for the prop-
er repair of the underlying lattice structures, prolonging the life cycle of the product 
and thus leading to a positive effect on the circular economy.

Key words: lattice structure, octet-truss, additive manufacturing, 
                  mechanical response, repairing, circular economy. 
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1. Introduction
  The concept of a circular economy involves forming a closed loop of resources, as 
opposed to a linear flow in the economy. A circular economy aims to maintain the 
maximum economic value of a product or material while minimising the environmen-
tal impact. This is achieved by extending the life of products and materials through 
a loop of repair, reuse, remanufacturing, and recycling (1–4). As illustrated in Fig. 1, 
inner circles (e.g., repair and reuse) are considered more economical because limited 
resources (e.g., energy, material, labour, etc.) are needed (5, 6). Therefore, in order to 
minimise the environmental impact, the key idea is to maintain the product in a con-
dition similar to its original state, thereby enabling prolonged use (1, 2, 5). Although 
lattice structures, which determine lightweight characteristics and controllable me-
chanical properties, are being studied in many fields with the development of ad-
ditive manufacturing (AM) technology (7–9), their characteristics (e.g., porous struc-
ture and mechanical response for specific applications) lead to difficulty in repair or 
reuse. Furthermore, although the materials used for fabricating the lattice structure 
in AM can be recycled, the use of additional energy and resources for recycling can 
lead to a loss of economic value (5, 6, 10–12). Therefore, this study was designed to 
explore the repairability of lattice structures in a circular economy.
  Ensuring the strength and stiffness of materials while reducing the weight of prod-
ucts is one of the main advantages of tailoring the underlying lattice structures (13, 

Fig. 1 Closed loop for product life cycle (5). The inner circle requires less resources and energy, 
resulting in more economical.
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14). These features of lattice structures meet the needs of the society to conserve 
energy and reduce the use of materials (8). Hence, lattice structures have been 
researched and developed in various fields, including aviation, automobiles, thermal 
engineering, medical, etc. (15–18). 
  The development of AM technology has allowed the production of lattice struc-
tures with different materials that are tailored for various applications, contributing 
to the widespread use of AM in various domains (7–9). As a result, the design and 
production of lattice structures, including the development of the design methodol-
ogy and lattice structure design for AM, has received considerable attention (9, 13, 
14, 19–22). The use of AM not only provides freedom in design but also reduces the 
manufacturing time and wastage compared to conventional manufacturing process-
es (8, 9). However, despite significant interest in lattice structures, research regard-
ing their repair is scarce.
  For repairing lattice structures, problems and limitations caused by the complexity 
of the structures are easily detectable. (e.g., irregularity of damaged parts and lack 
of contactable surface area). In addition, as a repeating unit of complex structures, 
lattice structures are mainly manufactured in a single piece without joints, thereby 
eliminating the assembly process, which is an advantage of the AM method (23). 
These characteristics of the structure and manufacturing process result in problems 
in repair; however, there are methods to repair lattice structures.
  Directed energy deposition (DED) is suitable for repairing metallic lattice structures 
because the technique can repair additively manufactured products with complex 
structures (23, 24). Modularisation of the lattice structure can also be employed in 
repairing the structure by replacing the damaged parts with new ones. Jenett et al. 
(25) developed modularised unit cells with a lattice structure that can be connect-
ed to certain joints, such that the damaged modules can be replaced by new ones 
if some parts are damaged. Xu et al. (26) developed a reconfigurable strut chain 
that can be assembled into a lattice structure, where only damaged struts need be 
replaced for repair, thus minimising the wastage of the material. Previously, repair-
able lattice structures have been fabricated using 2D struts (27–29), in which there 
are diverse types of assemblies depending on the size and shape of the unit, such 
as snap-fit, bonding, and brazing. However, the DED system demands specialised 
knowledge and skills as it is a relatively new technology (24), whereas all modular-
ised lattice units require assembling in production, thus weakening the aforemen-
tioned advantages of AM. In addition, there is a limit to the form that is possible 
with the fixed shape of modularised units; the size of the unit cells also need to be 
sufficiently large to be assembled, thereby making the process comparatively more 
suitable for large objects. Moreover, all modularised units are not easily disassem-
bled and reassembled; the ease of disassembling and reassembling depends on the 
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method of joining of the structures. For foam structures, which are also a type of 
cellular structure (14), there are several techniques of joining porous parts: soldering, 
brazing, gluing, welding, screwing, and bolting (30). However, owing to the charac-
teristics of foam structures, which consist of holes of irregular size and shape, there 
are limitations on joining different parts. Solder can flow into the structure during 
soldering; similarly, adhesive can flow into the structure during gluing. In addition, 
joints can become stronger or weaker than the foam structure depending on the 
type of joining or the quantity of adhesives that are applied in certain regions (30–
32). Brazing and welding require special tools and techniques, and are usually used 
for joining with flat sheets in order to fabricate foam core panels (30, 33). Various 
alternative joining methods that are used for solid products can also be used to join 
lattice structures as they are cellular structures with a certain regularity. These meth-
ods include bonding, cold-welding, hot-welding, threading, and snap-fit.
  As lattice structures can possess a variety of mechanical properties depending on 
their structure and usage (9), incorrect repair can shorten the life of products. There-

Print preparation
(file conversion / 

set the print parameter)
Print Postprocess

UserPartial 
damage

3D data

Re-use

Disposal 

Landfill

Repair

Recycle / 
Remanufacture

Fig. 2 The life cycle of the additively manufactured lattice structure. The flow shows how the lattice 
structure is produced and consumed. The highlighted section is added on the current workflow of 
lattice structured product life cycle in order to extend the product lifespan by proper repair of the 
damaged parts, enhancing the circular economy. The figure adapted from the circular economy 
model by Ellen MacArthur Foundation (3).
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fore, it is crucial to reproduce the same parts with the previous undamaged state in 
order to achieve the same mechanical response. Consequently, accurate methods 
and guidelines for repairing lattice structures are required to aid the development of 
circular economies. 
  Thus, the aim of this study is to investigate the factors to be considered when 
repairing the lattice structures in order to contribute to circular economies by en-
hancing the entities as highlighted in Fig. 2. Hence, consumers can be involved in 
repairing products and creating inner circles in the closed loop, which can play an 
important role in product life extension (34).
  To maintain the original usability of the lattice structure, the repaired parts should 
have the same or similar mechanical properties as the original. To repair the lattice 
structure, the damaged parts should be identified accurately to reproduce identical 
shaped parts. Additionally, they must be printable with a 3D printer, easily reassem-
bled and remanufactured with accessible and editable data. The complete list of 
requirements (LoR) is listed in Appendix A.

Octet-truss lattice structure with the different strut diameters.
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2. Method
  Strut-and-node-based lattice structures have considerable potential as they allow 
users to design the shape, size, and number of struts to suit their objective (19, 35). 
This is in contrast to the triply periodic minimal surfaces (TPMS), for which users 
can only adjust the size and thickness of unit cells because of their fixed shape (19). 
Strut-and-node-based unit cells can be divided into stretch-dominated and bend-
ing-dominated unit cells (36). Stretch-dominated structures are the most widely used 
wherein lightweight traits as well as a certain stiffness are required (35). Thus, for the 
tests, the octet-truss was selected as the unit cell geometry of the lattice structure; 
the octet-truss has been widely examined in stretch-dominated lattice structures 
(37–39). 
  Each strut of the lattice was fixed at 10 mm, which was the length of the unit cell 
within the range of mesoscale lattice structures from 0.1 mm to 10 mm (13, 19). Four 
different sizes were used for the diameter of the strut: d = 1.0, 1.5, 2.0, and 2.5 mm. 

2.1. Specimen design
  There are various methods to test the adhesion strength. To measure the stress 
in adhesive joints, compressive, tensile, shear, peel, and cleavage are generally 
utilised (40), and a large number of standards have been created. However, there 
is no specific standard for measuring the adhesion strength corresponding to the 
mechanical properties of the lattice structure. Therefore, in this study, the specimens 
for the tests were modified based on the American Society for Testing and Materials 
(ASTM) and International Organization for Standardization (ISO)(41), and the speci-
men designs of relevant studies (42, 43) were referred to. 
  Four different types of specimens were designed for each test: compressive, ten-
sile, shear, and three-point bending. To compare the mechanical behaviour of the 
repaired lattice structure with the original state, one specimen was fabricated as 
a single piece (standard specimen), while the other was joined with two separate 
parts (joined specimen). The separate lattice parts were glued together by a Loctite 

Performance Properties

Fixture Time (sec)

Cure Time (h)

Cured Form

Tensile Shear Strength (MPa)

Configuration

30

12-24

Brittle solid

2-20

Table 1

Specification of the adhesive used in tests.
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Fig. 3 Schematic representation of the compression specimen; (a) standard and (b) modified.

Fig. 4 Schematic representation of the tensile (butt-joint) specimen; (a) standard and (b) modified.

plastic adhesive with an activator, which was selected based on the adhesion test, as 
discussed in Appendix A. The specifications of the adhesive are listed in Table 1. Six 
specimens were used for each parameter set because low consistency is one of the 
characteristics of fused deposition modelling (FDM) technology (23, 43).
  To measure the compressive response of the bonded lattice structure, the ASTM 
D1621 (41) standard was modified, which is the standard for the compressive prop-
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Fig. 5 Schematic representation of the shear specimen; (a) standard and (b) modified.

Fig. 6 Schematic representation of the three-point bending specimen; (a) standard and (b) modified.
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erties of rigid cellular plastics (see Fig. 3).
  For the tensile test, the specimen was modified based on the specimen design 
from a previous study (42, 43), and the ASTM D2095 (44) standard was referenced 
for testing the adhesion between the two parts, as depicted in Fig. 4. 
  As illustrated in Fig. 5, the specimens for the shear test were modified based on 
the ASTM D5656 (45) and ISO 11003-2 (46) standards, which are the standards for 
thick adherends. Similar to the tensile test, the specimen was bonded to the same 



13

surface area, and the original specimen was printed in a single piece.
  In the specimen design for the three-point bending test, a previous three-point 
bending test with an octet-truss (47) was referred along with the ASTM D790 stand-
ard (48). Fig. 6 shows the designed specimen based on the study and the standard, 
which is applicable for the rectangular bar specimen. 

2.2. Fabrication
  All specimens were designed using Fusion 360 software and transferred to STL 
format by Slic3r. An FDM 3D printer (Prusa i3 mk3) with polylactic acid (PLA) filament 
was used to fabricate the designed specimens. The same printing parameters were 
used to fabricate all the specimens to ensure identical mechanical properties for the 
structures (23). The detailed printing parameters for the fabrication of the specimens 
are shown in Table 2. All specimens for each test were printed in the same direction 
as the printing direction significantly affects the mechanical behaviour (49). The de-
tailed specifications of all the specimens are listed in Appendix B.
  In the case of the joined specimens for the tensile and three-point bending tests, 
the bonding surface was uneven because of the layer created by the printing direc-
tion. Therefore, a grit size of 280 sandpaper was used to abrade the surface (50), 
resulting in a surface roughness of 3–6 μm (51), Additionally, all contaminants such as 
dust and debris on the surface of the joint were removed in order to improve the ten-
sile strength (52). After trimming, the adhesive was applied and cured for 24 – 36 h. 

2.3. Experiments
  Four quasi-static tests were carried out to compare the mechanical behaviour of 
standard specimens with joined specimens. The compression, tension, shear, and 
three-point bending tests were conducted sequentially. Zwick Roell Z010 was used in 
all tests with a 10 kN load cell, and the loading speed for each test was set according 

Printing parameters

Printing temperature (℃)

Print speed (mm/s)

Infill (%)

Layer height (mm)

Filament diameter (mm)

Nozzle diameter (mm)

Configuration

215

100

100

0.15

1.78

0.4

Table 2

Configuration of printing parameters.
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to each ASTM standard listed in Section 2.1. 
  The quasi-static compression test for a total of 48 standard and joined specimens 
was conducted at a loading speed of 2 mm/min, following the test standard of 
ASTM polymer compression. For the quasi-static tensile and shear tests, a loading 
rate of 1 mm/min was set; a loading rate of 0.5 mm/min was used for the three-
point bending test with a loading nose diameter of 10 mm. The loading nose was 
arranged at the centre of the specimens with a supporting span of 40 mm, allowing 
each end to have a 10 mm overhang. All the specimens were located precisely at 
the centre of the machine; the test stopped when either the reaction force reached 
10 kN or the force was less than 80% of the maximum force. The deformation pro-
cess of the specimens was recorded, and the force–displacement curve was extract-
ed from each test.

2.4. Application of the results
  The results obtained from the tests were applied to consumer products with lattice 
structures, thus demonstrating the method of application of results to repair lattice 
structures. Products were selected that could reflect the design of the experiment 
well, rather than those that are sold or used commercially. The same size and ge-
ometry used in the experiment were utilised to demonstrate the application. Finally, 
the repairing examples were adapted to a circular economy model to evaluate the 
impact of repair of 3D printed lattice structures on the circular economy.

Specimens were being printed by Prusa i3 mk3
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3. Results
  The reaction force P and the displacement ΔL obtained from the test were divided 
by the effective area A and the original height of the specimen L, respectively, to 
obtain the engineering stress (σ)–engineering strain (ε) curve.

 (1)

(2)

  In accordance with Hooke’s law, the Young’s modulus was determined by the slope 
of the elastic region in the stress–strain curve, and the yield strain was measured at 
0.2% plastic strain for both standard and joined specimens. However, when buckling 
fracture of the lattice strut or adhesive bond failure occurred within the linear elastic 
region, the point of failure was considered to be the yield stress. The Young’s mod-
ulus and yield strength values of six specimens for each test parameter were aver-
aged and these values are listed in Appendix C.

3.1. Mechanical response of compression tests
  As shown in Fig. 7(e) and (g), the deformation always initiated at the middle layer 
of the standard specimens if the strut diameters were 2.0 mm and 2.5 mm. Five out 
of the six joined specimens were not deformed from the middle of the specimen 
because of the glued joints (see Fig. 7(f) and (h)). This influenced the mechanical 
response. 
  In addition, for the standard specimens, each layer showed a relatively consistent 
deformation process, while those of the joined specimens showed an inconsistent 
mechanical response and a plateau stage throughout the graph. As a result, as ob-
served in Fig. 8(a)–(b), the standard specimens were uniformly deformed as com-
pared to the joined specimens after the test.
  When the strut diameter was 1.5 mm or less, the mechanical behaviour between 
the standard and joined specimens was not noticeably different (see Fig. 7(a)–(d)). 
For a strut diameter of 1.5 mm, both groups were not significantly affected by the 
joint due to the buckling fracture of the struts. With a specimen strut diameter of 1.0 
mm, both groups of specimens were broken and bounced off irregularly during the 
test (see Fig. 7(a) and (b)).
  Regardless of the diameter of the strut, the joined specimens had a slightly lower 
compressive modulus and yield strength than the standard specimens, but most of 
the results were within the standard deviation (Fig. 9). There were minor variations in 
the detailed deformation process when the strut diameter was 2.0 mm or more.

σ =
P
A

ε =
ΔL
L
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Fig. 7 Compressive stress-strain curve with the corresponding images of deformation process: (a) 
standard specimen, d=1.0mm; (b) joined specimen, d=1.0mm; (c) standard specimen, d=1.5mm; (d) 
joined specimen, d=1.5mm; (e) standard specimen, d=2.0mm; (f) joined specimen, d=2.0mm; (g) 
standard specimen, d=2.5mm; (h) joined specimen, d=2.5mm.
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Fig. 8 Deformed specimens after the compression test: (a) standard specimen, d=1.5mm; (b) joined 
specimen, d=1.5mm; (c) standard specimen, d=2.0mm; (d) joined specimen, d=2.0mm; (e) standard 
specimen, d=2.5mm; (f) joined specimen, d=2.5mm.

(a)

(b)

(c)

(d)

(e)

(f)
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Fig. 9 Compressive modulus and yield strength of both standard and joined specimens with four 
different strut diameters; (a) compressive modulus and (b) yield strength.

3.2. Mechanical response of tensile test
  Unlike the compression test, the tensile test showed an observable difference 
between the standard and joined specimens. As observed in Fig. 10, the standard 
specimen was split into two as the struts were broken during the tensile test, while 
the joined specimen showed cohesive failure. However, for the joined specimen, 
when the strut diameter was 1.5 mm, few struts broke before cohesive failure, and 

Fig. 10 Images of tensile specimens after fracture: (a) standard specimen, d=2.5mm; (b) joined 
specimen, 2.5mm.

(a) (b)
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Fig. 11 Tensile stress-strain curve with the corresponding images of deformation process (‘S’ repre-
sents standard, ‘J’ represents joined): (a) standard and joined specimen, d=1.0mm; (b) standard and 
joined specimen, d=1.5mm; (c) standard and joined specimen, d=2.0mm; (d) standard and joined 
specimen, d=2.5mm.
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two of the joined specimens with a diameter of 1.0 mm showed almost the same me-
chanical response as the standard specimens. Nonetheless, owing to the limited joint 
area due to the presence of the thin strut, the adhesive was not applied consistently, 
resulting in a large deviation between the results of the joined specimens.
   As shown in Fig. 11 (a)–(d), both standard and joined specimens maintained a 
similar modulus of elasticity before the joined specimens underwent cohesive failure. 
However, as observed in Fig. 12, the tensile modulus of the joined specimens was 
slightly higher than that of the standard specimens when the strut diameter was 2.0 
mm or more. This is because there was a discrepancy between the two groups re-
garding the length of the linear stage in the curves. The standard specimens had a 
longer linear region until the yield point (see Fig. 11 (c) and (d)), which resulted in their 
tensile modulus being slightly lower as the slope at the beginning of elastic defor-
mation was slightly higher. Although the tensile modulus varied similarly, the yield 
strength showed a noticeable dissimilarity between the two groups (see Fig. 12).
  Fig. 13 shows the relationship between the tensile modulus and tensile strength 
over the relative bonding surface area of each specimen. The relative joint areas were 
obtained by dividing the bonding surface area of the lattice specimens by those of 
the solid specimens:
                                                                                                                (3)

  The four solid specimens for each group were also fabricated and tested using the 
same parameters as the other specimens. The reaction forces for the standard spec-

Fig. 12 Tensile modulus and yield strength of both standard and joined specimens with four differ-
ent strut diameters; (a) tensile modulus and (b) yield strength.

(a) (b)

Arelative=Asample/Asolid
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Fig. 13 The relationship between (a) the tensile modulus and (b) yield strength to the relative bond-
ing surface area ratio for both groups.

Fig. 14 The octet-truss lattice structure consisted of 10mm unit cell with the strut diameter of 
2.5mm to 3.5mm. The struts start overlapping from the diameter of 3.0mm: (a) d=2.5mm; (b) 
d=3.0mm; (c) d=3.5mm.

imens were not measured as they exceeded 10 kN. The tensile modulus showed a 
linear trend with respect to the bonding surface area. However, although the tensile 
modulus increased with increase in the bonding surface area, the yield strength of 
the joined specimens did not increase at a constant rate (see Fig. 13 (b). This is be-
cause the rate of increase of the volume and bonding surface area ratios gradually 
decreased as the strut diameter increased (see Fig. 15), resulting from the overlap 
of struts in a limited space, as observed in Fig. 14. In addition, as the strut diameter 
became thinner, the structure became ductile. Ductility caused the necking of the 
specimens, causing each strut to break irregularly before the breakage of the entire 
structure, as illustrated in the plastic region in Fig. 11 (a) and (b). Therefore, in order 
to clearly identify the relationship between the bonding surface area of the lattice 
structure and adhesion, it is necessary to increase the number of variables of the 
strut diameter in the test as the ductility affects the mechanical response (53).
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Fig. 15 The ratio of the volume and the bonding surface area from the strut diameter of 0.5 mm to 
solid at intervals of 0.5 mm. 

3.3. Mechanical response of shear test
  In the joined specimens, a slight deviation was observed between the curves 
compared to the standard specimens (see Fig 16), but the mechanical response was 
generally the same or within the standard deviation (Fig. 17). As observed in Fig. 16 
(c) and (h), several specimens in the shear test showed partial structural or cohesive 
failure in the elastic region. However, as these failures did not seriously affect the 
overall mechanical response, they were ignored while determining the yield strength 
or shear modulus.
  For the curves falling vertically, as shown in Fig. 16, the failure was not cohesive, 
but structural. The lattice struts of the joined specimens broke away similar to those 
of the standard specimens, regardless of whether they were glued (see Fig. 18).
Similar to the tensile test, when the strut diameter was 1.0 mm, the struts of the 
specimen were partially broken and some of them were still attached as a result of 
the ductility imparted by the thin struts. With these features, the struts were inter-
twined in the specimens (Fig. 19), thereby leading to the mechanical response in the 
plastic region as shown in Fig. 16 (a)–(b).



27



28



29



30

Fig. 16 Shear stress-strain curve with the corresponding images of deformation process: (a) stand-
ard specimen, d=1.0mm; (b) joined specimen, d=1.0mm; (c) standard specimen, d=1.5mm; (d) joined 
specimen, d=1.5mm; (e) standard specimen, d=2.0mm; (f) joined specimen, d=2.0mm; (g) standard 
specimen, d=2.5mm; (h) joined specimen, d=2.5mm.
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Fig. 17 Shear modulus and yield strength of both standard and joined specimens with four different 
strut diameters; (a) shear modulus and (b) yield strength.

Fig. 18 Image of the specimens after shear test; (a) standard (d=2.0mm) and (b) joined (d=2.0mm).

(a)

(a)

(b)

(b)
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Fig. 19 Intertwined struts of lattice structure in the specimen with the diameter of 1.0mm after 
shear test. 

3.4. Mechanical response of three-point bending
  Similar to the tensile test results, the differences in the results between the two 
groups were evident (see Fig. 20(a)–(d)). When the strut diameter was 1.5 mm or 
more, the peak strength was significantly different between the two groups. In con-
trast, it was almost the same when the strut diameter was 1.0 mm. 
  Irrespective of the strut diameter, the stress increased again after the elastic re-
sponse; this was caused by the deformation of the test specimens along with the 
buckling of the struts in contact with the loading pin. This tendency was more pro-
nounced when the strut diameter was small. For a strut diameter of 1.0 mm, the spec-
imen deformed layer by layer, resulting in a variation in stress as shown in Fig. 21. As 
the first layer of the specimen was loaded and deformed by the loading pin, the part 
(highlighted) next to the loading pin contacted the specimen and began to transmit 
the distributed load to the specimen, increasing the contact area. Thus, Fig. 20(a) 
shows the results up to the point where only the loading pin touches the specimen.
  The test was stopped either when the specimen broke or when the adhesive-
ly bonded part failed before reaching the yield strength (Fig. 22), which was more 
prominent at larger strut diameters. When the strut diameter was 1.0 mm, the dif-
ferences in appearance between the two groups were not distinct, but the standard 
specimens were more regularly deformed than the joined specimens, as shown in Fig. 
20 (a). A few bonded struts of the joined specimens with a strut diameter of 1.5 mm 
were broken away before cohesive failure, but the specimens were also split into two 
parts in the end.
  In general, as shown in Fig. 23, the mechanical properties of the joined specimens 
were lower than those of the standard specimens. However, the difference in flexural 
strength between the two groups was significant, while that of the flexural modulus 
was less significant.
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Fig. 20 Three-point bending stress-strain curve with the corresponding images of deformation pro-
cess (‘S’ represents standard, ‘J’ represents joined): (a) standard and joined specimen, d=1.0mm; (b) 
standard and joined specimen, d=1.5mm; (c) standard and joined specimen, d=2.0mm; (d) standard 
and joined specimen, d=2.5mm.
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Fig. 21 Stress-strain curve extracted from three-point bending test with the standard sample with a 
strut diameter of 1.0mm. After the marked point on the curve, the holder located on both sides of 
the loading pin touched the sample and transfer the force, drawing the graph as shown above.

Fig. 22 Split samples after the three-point bending test with (a) standard (d=2.5mm) and (b) joined 
specimen (d=2.5mm).

Fig. 23 Flexural modulus and yield strength of both standard and joined specimens with four differ-
ent strut diameters; (a) flexural modulus and (b) yield strength.

(a)

(a)

(b)

(b)
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4. Application
4.1. Application to the consumer products
  The data from the tests were applied to two types of door handles to create a 
guideline for repairing lattice structures. The lever type door handle (Fig. 24) had a 
cross section area of 2 mm × 2 mm of the lever part; it was made of the same type 
of unit cell and size used in the tests.  
  Based on Fig. 24, the shear force diagram (SFD) and the bending moment diagram 
(BMD) are illustrated in Fig. 25. 

The lever type door handle rendered image
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Fig 24 Schematic representation of the lever type handle: (a) perspective view; (b) front and top view.

(a)

(b)

The shear force calculation is as follows:
∑Fy = 0; (y-axis)
Dy = -0.1 X 90 = 9 Nmm;

The bending moment calculation is as follows:
∑Mz = 0; (anticlockwise: -)
Md = 0.1 X 90 X (15+45) = 540 Nmm;
Mc = 0.1 X 90 X 45 = 405 Nmm;
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Fig. 25 SFD and BMD of the lever type door handle under the working stress.

90 mm

0.1 N/mm

5 mm30 mm 15 mm
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  As the bending stress is critical for joining two parts, and the shear stress was 
similar to the original state, the bending stress on the lever was calculated using the 
bending stress equation, Eq. (4), for the rectangular section. 

(4)

where τb is the bending stress, M is the bending moment, d is the depth, and I is 
the moment of inertia, which was calculated using Eq. (5). 

(5)

where b is the width. Therefore, the maximum working stress was approximately 
0.405 MPa. As the flexural strength of the standard specimen in the three-point 
bending test was 0.92±0.02 MPa when the strut diameter was 1.5 mm, the safety 
factor was approximately 2.27, which was determined by Eq. (6).

                                         (6)

τb= 

I=
bd3

12

Md
2I

 Safety factor = 
Yield strength
Working stress     
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  However, the yield strength of the joined specimen was 0.54±0.25 MPa. The yellow 
highlighted region in the BMD in Fig. 26, which is the standard deviation of the yield 
strength, can be broken by the working stress if the repair on the handle is conduct-
ed in this region of the diagram.

  With a safety factor of 2.27, the BMD is drawn as shown in Fig. 27, where the red 
highlighted region in the diagram exceeds the yield strength, and the product can 
break when the force almost doubles. Fig. 28 shows the repairable area on the han-
dle, where the green highlighted area can withstand the same yield strength as the 
original with a safety factor of 2.27. 
  However, if the parts are damaged in the red or yellow highlighted regions, they 
can no longer be repaired to achieve the same condition as the original. Using the 
torsional stress can be an alternative, as shown in Fig. 29, which induces a torque to 
produce shearing stress.

540 Nmm 405 Nmm

17mm

1226.66 Nmm
919.75 Nmm

45.4 mm8.47 mm

Fig. 26 BMD when the part is joined. The yellow area is within the yield strength under the safety 
factor of 1. 

Fig. 27 BMD when the part is joined. The yellow area is within the yield strength and the red area is 
over the yield strength under the safety factor of 2.27, which is the same as the original product. 
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8.47 mm
56.13 mm45.4 mm30mm

Over the yield strength

Within the yield strength

Within the safety factor

Fig. 28 Repairable area under the safety factor of 2.27. The green area indicates where the parts 
can be repaired as the same as the original. 

Fig. 29 Alternative way of repairing when the parts in the red or yellow areas are broken.

Torsional shear stress
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  Fig. 30 shows the pull and push handle made of the same type and size of the unit 
cell as that of the lever, but with a strut diameter of 2.0 mm. The SFD and BMD are 
illustrated in Fig. 31 based on the effective span of the handle (see Fig. 32).

The shear force calculation is as follows:
∑Fy = 0; (y-axis)
Ay = (90×0.25(90+190))⁄(2×280) = 11.25 N; 
Ay = By = 11.25 N; 
The bending moment calculation is as follows:
∑Mz = 0; (clockwise: +; anticlockwise: -)
Mc = 95×11.25 = 1068.75 Nmm;        
Mmax = (90×0.25(2×280-90))⁄8 = 1321.88 Nmm; 

20
26

0
20

30
0

30 20

50

20

Fig. 30 Schematic representation of the pull and push type handle: (a) perspective view; (b) frond 
and side view.

(a) (b)
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  As the flexural strength of the standard specimen was 2.3±0.2 MPa when the strut 
diameter was 2.0 mm, the safety factor of the pull and push handle was approxi-
mately 2.32. However, when the handle was adhesively bonded, its middle part be-
came unrepairable under the same safety factor as the original, as shown in Fig. 33.
Fig. 34 shows the repairable area on the handle. As long as the products are re-
paired in the green area, they can have the same safety factor as the original prod-
uct. However, the red and yellow regions account for a relatively high proportion, as 
observed in Fig. 34, which leads to a wastage of printing time and material if only a 

0.25 N/mm

90 mm95 mm

c

95 mm

SFD

BMD

11.25 N

-1068.75 Nmm
-1321.875 Nmm

-11.25 N

+

-

Ay By

M

effective span

clear span

Fig. 31 SFD and BMD of the pull and push type door handle under the working stress.

Fig. 32 Spans in simply supported beam.
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2479.5 Nmm

45.47 mm 45.47 mm38.83 mm 38.83 mm111.4 mm

3066.75 Nmm

55.47 mm 55.47 mm38.83 mm 38.83 mm111.4 mm

Over the yield strength

Within the yield strength

Within the safety factor

Fig. 33 BMD when the part is joined under the safety factor of 2.32, which is the same as the origi-

nal product. 

Fig. 34 Repairable area under the safety factor of 2.32. The green area indicates where the parts 

can be repaired as the same as the original.

Fig. 35 Alternative way of repairing in order to make compressive stress instead of bending stress 

when the surface of product is damaged in the red or yellow areas.

Compressive stress

small part of the surface of the product is damaged. Such cases can be addressed 
by repairing the damaged part of the unit cell layer of the product, thus producing 
compressive stress, as shown in Fig. 35.
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The pull & push door handle rendered image.
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4.2. Repairing the lattice structure in the circular economy model

  Fig. 36, which is adapted based on Fig. 2 and the circular economy model devel-
oped by the Ellen MacArthur Foundation (3), shows the flow of products with lat-
tice structures when users design their own products for their intended objective 
and produce them using FDM with PLA. Here, the black linear flow represents the 
manufacturing of the original products, the grey large circular flow is remanufac-
tured through recycling, and the small blue circular flow is reused through repair in 
the circular economy. In the flow of repairing, the need to fabricate the same size 
and shape as the original part for the damaged position may not seem significant-
ly different from the remanufacturing process. However, a more complex or large 
structure requires more material and time to produce, which plays a major role in 
the economic value of AM (23, 54). In addition, the ability to print the necessary part 
is an advantage of AM technology as it is capable of mass customisation. 
  In terms of the recycling of biodegradable PLA, with the development of chemical 

Fig. 36 The flow of repair of the additively manufactured lattice structure adapted from Fig. 2 and 
the circular economy model by Ellen MacArthur Foundation.
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recycling, there have been many improvements in the economic value (55). Nev-
ertheless, resources are still required in the processes of collecting, transporting, 
sorting, and processing, which release CO2 (12).
  For the design of lattice structures, the mechanical properties are often deter-
mined for the intended objectives(56-58), hence the model assumes that users 
would design the structure themselves. However, owing to the nature of AM tech-
nology, the production and consumption of lattice structures can be diverse (4), 
resulting in slight changes in the flow in the model. However, in all cases, the repair 
and maintenance of the lattice structure has a beneficial impact on the environment 
in a circular economy.
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5. Discussion
  In this study, FDM and PLA, which are relatively competitive with respect to price 
and availability, were selected as the production method and material, respective-
ly. A total of 198 specimens were used for the test, including solid specimens used 
in compression and tensile tests: compression (n = 48 + 8(solid)), tensile (n = 48 + 
8(solid)), shear (n = 48), and three-point bending (n=48). 
  The results showed a similar mechanical response when the damaged parts were 
repaired using compressive or shear stress direction, satisfying the LoR. However, 
the use of tensile strength and flexural strength showed a considerable difference in 
mechanical response after repair. The appearance after repair was less marked and 
similar to the original state when the parts were bonded in the printing direction, 
but the bonding direction was not controllable because it was determined by the 
location of failure.
  The lattice structure used in this study was limited to a periodic array, allowing 
the damaged parts to be accurately measured on a unit-cell basis. This feature also 
made it easier to reprint and reassemble the required parts. However, studies on 
the trimming methods of damaged parts have not been conducted independently; 
hence, further studies are required to evaluate the comprehensive repairability of 
lattice structures. 
  The data used in this study was easy to access and edit because it was created 
by us. Accordingly, irrespective of the process of data creation and consumption, it 
should be accessible and editable for repair, as access to editable data is essential 
for repairability. 

5.1. Limitations in application
  For the application, simplified diagrams were drawn based on actual measurements. 
The amount of reaction force and the distributed force may vary depending on the 
type and material of the handle, the size of the hand, and the location of the grip.
  Specific values of yield strength from the test were directly used to compare the 
yield strength of the specimen products as the specimens had the same thickness 
and depth as the test specimens. However, not all the exact values of the mechani-
cal responses for all variables can be known. Thus, the test results may be applied in 
the form of the procedure detailed in Section 4.1 for the repair of the lattice struc-
ture, but it may be difficult to produce such accurate guidelines.
  The mechanical response under torsion shear stress may be different from that 
under the direct shear test. Therefore, an additional adhesive test with the lattice 
structure is necessary to validate the assumption of the application. Furthermore, 
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the joint design for enhancing the joint strength has been investigated (59, 60), 
which seems to be suitable for joining lattice structures in the form of a double butt 
joint, stepped joint, tongue and groove butt joint, recessed double strap joint, etc. 
(see Fig. 37). Hence, different joints can address the limitations in tensile and three-
point bending stresses.

5.2. Effects of test parameters
  The specimens for pilot testing were fabricated with PLA using the same printing 
parameters on two 3D printers, Ultimaker 2+, but the results showed that the me-
chanical responses differed considerably depending on the printer and material, as 
shown in Fig. 37. The PLA used in the pilot test was the same white PLA manufac-
tured by the same company, but on different days and years. S-P1-M1 (Fig. 38) was 
more brittle, while the others were ductile, tearing in the direction of the printed 
layer. The specimens were all white coloured, but differed slightly. Therefore, it is 
important to realize that differences in mechanical responses, which may occur de-
pending on the printer or material, can be greater than the differences between the 
original and the repaired lattice structures. 

(a) (b) (c) (d)

Fig. 37 Examples of joint methods that showed the better result under tensile and bending stress in 
the previous study (1); (a) double butt joint, (b) stepped joint, (c) tongue and groove butt joint, and 
(d) recessed double strap joint.
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(a)

(b)

Fig. 38 Mechanical response of the specimens printed in different printer with different PLA; (a) 
stress-strain curves from the shear test tested by specimens with three different parameters (‘S’ rep-
resents standard specimen, ‘P’ represents printer, ‘M’ represents material), (b) specimens after the 
shear test. 
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5.3. Recommendations
  The material along with the geometry and relative density determine the prop-
erties of the lattice structure (61). Selecting the appropriate adhesive is also crucial 
as the adhesion strength of the adhesive is associated with the adherends (52). 
Moreover, properly trimmed surfaces influence the adhesion strength (52). Hence, I 
trimmed the surfaces of the joined specimens for the tensile and three-point bend-
ing tests before testing in order to improve the adhesion strength. This is because 
the joined specimens for the pilot test, which had not been trimmed, showed al-
most half the yield strength of the standard specimen. However, as observed in Fig. 
39, the adhesion did not increase noticeably regardless of whether the surface was 
trimmed because all the joined specimens showed cohesion failure not only for the 
main test but also for the pilot tests with other adhesives (Fig. 40) in the tensile and 
three-point bending tests. Thus, trimming the surface is not necessary subject to 

(a) (b) (c)

Fig. 39 Compare of mechanical response be-
tween trimmed and untrimmed specimen.

further tests being set in the same 
condition; however, the cohesive 
strength needs to be considered for 
the selection of the adhesive.
All the processes proposed and 
conducted in this study may be used 
as references or guidelines for future 
experiments using different materials 
or geometries.

Fig. 40 Cohesive failure in the tensile test; (a) plastic glue, (b) PVC cement, (c) epoxy. 
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6. Conclusions
  In this study, the important factors that need to be considered in repairing lattice 
structures were investigated so as to enable reusing of lattice-structured products 
and get people involved in extending the lifespan of the products for the circular 
economy. The octet-truss lattice specimens with four different strut diameters in 
each standard and joined group were tested under quasi-static loading: compres-
sion, tensile, shear, and three-point bending tests. The specimens were fabricated 
using FDM with PLA. In each test, the mechanical responses of the standard and 
joined specimens were compared, and the deformation of all the specimens was ex-
amined during and after the test. The key findings of the test results are as follows:

• 

• 

• 

• 

  To summarise, it is crucial to consider the direction of stress as well as the selec-
tion of adhesives for repairing 3D printed octet-truss lattice structures. With proper 
guidelines for the repair of the lattice structures, a more efficient flow can be creat-
ed for managing resources in a circular economy, thereby minimising the environ-
mental impact.

The difference between the mechanical behaviour of the joined and the stand-
ard specimens with respect to the compressive stress is not significant. Howev-
er, as the strut diameter increases, the joined specimens show a plateau sec-
tion in the plastic region and deform uniformly, reducing the shock absorption 
capability.

Both standard and joined specimens exhibit remarkably similar shear respons-
es, although the deviations for the joined specimens are slightly larger due to 
adhesion, which can be affected by various factors.

For all the tests, the young’s modulus of the joined specimens show margin-
ally lower values as compared to that of the standard specimens, but most of 
these values are within the standard deviation.

The yield strengths of the two groups differ considerably in the tensile and 
three-point bending tests, which is clearly evident when the lattice structure is 
stronger than the adhesive force as the strut diameter is increased. In contrast, 
the difference in yield strengths between the two groups is not significant in 
the compression and the shear test. 
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Appendix A

List of requirements 
The list below is requirements of the lattice structure for the study. 

Req.

Id

Req. 1

Req. 2 

Req. 3

Req. 4

Req. 5

Req. 6

Req. 7

Req. 8

Req. 9

Req. 10

Req. 11

Req. 12

Req. 13

Priority 

Low

Low

Low

Low

Low

High

Medium

Low

High

High

High

High

Low

Requirement description

Manufacturing 

The structure should be manufactured by AM

Manufacturing 

The lattice structure should be mesoscale

Manufacturing 

The dimension of each unit cell should be between 2mm to 50.0mm

Manufacturing 

The maximum size of the array should be less than 250 X 210 X 210

Performance

The structure should be stretch-dominated

Performance 

The lattice structure should have the same or similar properties after repairing the 

damaged parts

Performance 

The lattice structure should look the same or similar appearance after repairing 

the damaged parts

Performance 

The structure should satisfy the desired functionality of the consumer product

Repairability 

The shape of the damaged part for reproduction should be identified accurately

Repairability 

Data for reproduction of the damaged parts should be made easily or highly 

accessible

Repairability 

The damaged parts should be printed by 3D printer

Repairability 

Re-assembly of printed parts should be convenient

Repairability 

The structure should be recyclable after replacement of the part



53

Appendix B

Adhesive selection test 
Before the main test, compression, tensile, and shear test were carried out in order to 

select the most suitable adhesive that can show similar mechanical properties and appear-

ance to the original. The six types of adhesives were selected based on the specification of 

the adhesives: cyanoacrylate, plastic glue, silicone glue, epoxy, acetone, and PVC cement. 

However, since the specimens glued by acetone and silicone fell off comparatively easily, 

they are excluded from the tests. For the test, the same specimen design was used with the 

diameter of 2.5mm, which strut are the stiffest. Fig. B1 show the results of three tests.

(a)
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Fig B1 Engineering stress-strain curve extracted from tests; (a) compression, (b) tensile, and (c) 
shear test. The plastic adhesives showed the most similar mechanical behavior to the original speci-
men as well as appearance among them.

(b)

(c)
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Appendix C
Specificaion of the specimen
Lists of specification of the standard and joined specimens used in four different tests. 

In the specimen label, the first letter ‘C’, ‘T’, ‘S’, and ‘B’ represent ‘compressive’, ‘tensile’, 

‘shear’ and ‘three-point bending’ test, while the second letter ‘S’ and ‘J’ represent ‘stand-

ard’ and ‘joined’ specimen, respectively. For the tensile and shear test, only the lattice 

structure part of the sample is included, making the same bonding surface area depending 

on the strut diameter. 

Specimen 
label

C-S-10
C-S-15
C-S-20
C-S-25
C-J-10
C-J-15
C-J-20
C-J-25
T-S-10
T-S-15
T-S-20
T-S-25
T-J-10
T-J-15-
T-J-20-
T-J-25
S-S-10
S-S-15
S-S-20
S-S-25
S-J-10
S-J-15
S-J-20
S-J-25
B-S-10
B-S-15
B-S-20
B-S-25
B-J-10
B-J-15
B-J-20
B-J-25

Strut 
diameter
(mm)

1.0
1.5
2.0
2.5
1.0
1.5
2.0
2.5
1.0
1.5
2.0
2.5
1.0
1.5
2.0
2.5
1.0
1.5
2.0
2.5
1.0
1.5
2.0
2.5
1.0
1.5
2.0
2.5
1.0
1.5
2.0
2.5

Quantity

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Length 
(mm)

20
20
20
20
20
20
20
20
40
40
40
40
40
40
40
40
20
20
20
20
20
20
20
20
60
60
60
60
60
60
60
60

Width
(mm)

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
40
40
40
40
40
40
40
40
20
20
20
20
20
20
20
20

Height
 (mm)

40
40
40
40
40
40
40
40
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Mass
(g)

2.18
4.81
7.53
10.65
2.18
4.81
7.53
10.65
2.18
4.81
7.53
10.65
2.18
4.81
7.53
10.65
2.18
4.81
7.53
10.65
2.18
4.81
7.53
10.65
3.27
7.21
11.32
15.98
3.27
7.21
11.32
15.98

Volume 
(mm3)

1821.69
3755.43
6056.65
8499.69
1821.69
3755.43
6056.65
8499.69
1821.69
3755.43
6056.65
8499.69
1821.69
3755.43
6056.65
8499.69
1821.69
3755.43
6056.65
8499.69
1821.69
3755.43
6056.65
8499.69
2732.54
5633.18
9084.96
1.275E+04
2732.54
5633.18
9084.96
1.275E+04

Bonding 
surface area
(mm2)

105.14
151.70
194.27
232.84
105.14
151.70
194.27
232.84
105.14
151.70
194.27
232.84
105.14
151.70
194.27
232.84
105.14
151.70
194.27
232.84
105.14
151.70
194.27
232.84
105.14
151.70
194.27
232.84
105.14
151.70
194.27
232.84

Designed dimension
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Appendix D
Appendix D 

Table C1       

Average of six specimens in each compression test with standard deviation 
Specimen  Strut diameter   

(mm) 
Compressive modulus   

(MPa) 
Yield strength   

(MPa) 
Standard  1.0  40.59 ± 0.42  1.23 ± 0.01 

1.5  121.57 ± 0.68  4.14 ± 0.09 
2.0  253.93 ± 2.77  7.72 ± 0.11 
2.5  431.52 ± 3.03  13.70 ± 0.19 

Joined  1.0  38.45 ± 0.69  1.07 ± 0.05 
1.5  116.08 ± 1.76  4.10 ± 0.07 
2.0  245.87 ± 2.11  7.55 ± 0.09 
2.5  426.32 ± 3.35  13.69 ± 0.14 

 

Table C2       

Average of six specimens in each tensile test with standard deviation 
Specimen  Strut diameter   

(mm) 
Tensile modulus   

(MPa) 
Yield strength   

(MPa) 
Standard  1.0  35.39 ± 1.16  0.66 ± 0.05 

1.5  89.92 ± 3.78  3.12 ± 0.06 
2.0  124.59 ± 5.23  5.39 ± 0.17 
2.5  154.30 ± 4.51  9.08 ± 0.27 

Joined  1.0  31.65 ± 1.93  0.41 ± 0.07 
1.5  83.04 ± 5.56  0.92 ± 0.39 
2.0  140.98 ± 4.46  1.48 ± 0.42 
2.5  160.18 ± 8.14  4.67 ± 0.49 

 

Table C3       

Average of six specimens in each shear test with standard deviation 
Specimen  Strut diameter   

(mm) 
Shear modulus   

(MPa) 
Yield strength   

(MPa) 
Standard  1.0  26.20 ± 1.08  0.35 ± 0.01 

1.5  87.98 ± 11.01  1.26 ± 0.13 
2.0  121.14 ± 3.98  2.29 ± 0.13 
2.5  142.62 ± 12.22  4.18 ± 0.18 

Joined  1.0  26.73 ± 1.22  0.34 ± 0.02 
1.5  85.51 ± 8.15  1.19 ± 0.16 
2.0  112.95 ± 3.20  2.28 ± 0.18 
2.5  145.09 ± 17.23  4.15 ± 0.10 

 

Table C4       
Average of six specimens in each three‐point bending test with standard 
deviation 
Specimen  Strut diameter   

(mm) 
Flexural modulus   

(MPa) 
Yield strength   

(MPa) 
Standard  1.0  17.46 ± 0.74  0.27 ± 0.01 

1.5  54.71 ± 1.30  0.92 ± 0.02 
2.0  121.90 ± 2.35  2.30 ± 0.20 
2.5  211.45 ± 2.36  4.13 ± 0.15 

Joined  1.0  13.14 ± 1.54  0.21 ± 0.06 
1.5  36.90 ± 10.60  0.54 ± 0.25 
2.0  105.42 ± 6.33  1.27 ± 0.38 
2.5  201.36 ± 6.16  2.52 ± 0.55 
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