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3D metal lattice structure 
manufacturing with continuous 
rods
Bashir Khoda1*, A. M. M. Nazmul Ahsan2, Abu N. Shovon1 & Adeeb I. Alam1

In this paper, a new possibility of fabricating a metal lattice structure with a continuous rod is 
demonstrated. A multi-layer, periodic, and aperiodic lattice structure can be manufactured with 
a continuous thin rod by bending it with a repetitive pattern. However, joining their nodes are 
challenging and an important problem to solve. This paper is investigating the joining of nodes 
in a loose lattice structure by delivering materials through the dipping process. Both liquid state 
(epoxy) and solid-state (inorganic particles) joining agents are considered for polymer–metal and 
metal–metal bonding, respectively. Liquid Carrier Systems (LCS) are designed considering their 
rheological behavior. We found 40% solid loading with the liquid carrier system provides sufficient 
solid particles transfer at dipping and join the lattice node using transient liquid phase bonding (TLP). 
3D metal lattice structures are constructed, and their mechanical properties are investigated. The 
lattice structure shows comparable strength even with smaller relative density (< 10%). The strength 
and elastic modulus of all the fabricated samples decreases with the increase in cell size, which is 
consistent with the traditional wisdom.

Lattice structures are compelling candidates for the development of a wide range of engineering structures, i.e., 
boat hull, propellers, airplane wings, fuselage, biomedical implants and prosthetics, automobile chassis, heat 
exchangers, shelters, and bridge structures, etc. The open cell structures consist of a number of repetitive con-
nected members or tessellated unit cells which are constructed with elements/struts1 and connected through 
point contact, often defined as a node. Assembling these unit cells forms a complex structural network1 and 
follows Maxwell’s criterion2 which helps to determine the strut-based topologies to equilibrate external force 
and moment. Higher nodal connectivity (> 6) in 3D lattice is needed for structural rigidity3 (i.e., stiff and strong 
structures), while compliant and consistent deformation may result from bending-dominated structures4. Supe-
rior and predictable performance in lattice structure requires design and manufacturing perfections (i.e., unit 
cell parameters, connected nodes, porosity, etc.). Fabrication imperfections, namely topological (variations in 
nodal connectivity and missing strut)5,6, and dimensional (variations in cellular dimensions)7–9, are widespread 
challenges even in mesoscale (couple mm) unit cell size lattice, which makes the lattice structures often unat-
tainable. Additional to the manufacturing challenges of the 3D lattice structure includes their fabrication speed, 
topology design, large data feed, and shape conformity, which are some non-trivial issues.

Traditional lattice manufacturing processes (some are shown in Fig. 1) are complex and costly due to their 
intricate architecture and nodal connections. Commonly used open-cell lattice structure manufacturing tech-
niques are: investment casting16; robocasting17; wire-woven18; high-temperature forming and diffusion bonding19; 
electroless nickel plating13; sacrificial mold coating20; interlocking grid assembly21,22; lattice block by stacking23. 
Disconnected or unbounded nodes are common in multi-stage lattice manufacturing processes24. For example, 
due to the rheological constraint of the molten metal, early solidification, underfill of the thin and twisted sections 
of complex lattice structure is reported in literature25. Aqueous or polymer-based metallic inks are designed with 
high solid loading for robocasting. The subsequent sintering (consolidation) process resulted in pores, cracks, and 
shrinkage, which can be prevalent in thin section26. A contemporary shape-changing 4D printing technique has 
demonstrated the potential to manufacture 3D objects from 2D or planner patterns27. Predetermined external 
stimuli such as heat, water, light, pH are used on the active composite material, which then evolves by following 
the shape memory effect28. The concept has been demonstrated for flexible electronics circuit29, actuator, elastic 
hinge, end-effector gripper for soft robotics30.
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Recently, metallic lattice fabrication processes based on wires have been reported, called ‘wire-woven met-
als’18,31. In the wire-woven technique, a textile-based weaving process is used to manufacture lattice structures 
with repetitive symmetric geometries from metal wires. Typically wire segments are straightened and then 
preformed and/or crimped into a specific pattern creating a ‘textilecore’32. One of the successful applications 
for ‘textilecore’ is the industrial conveyor belt for a harsh manufacturing environment. 3D structures are also 
reported with preformed triangular wavy, trapezoidal, or helical patterns, following their spin insertion in dif-
ferent groups from multiple directions creating octet and kagome-2, and bulk diamond-like lattices structure. 
Individual wires are then joined using brazing, soldering, sintering, or adhesive bonding. While large size peri-
odic topologies can be achieved with the wire-woven technique, multi-scale controlled heterogeneity and/or 
aperiodic cell type is not possible with this process. Also, multi-layer 3D shapes can be morphed by stacking, 
and subtracting woven pieces together, which will cause fractional unit cell at the boundary33. This may result 
in a lack of continuity along with 3D and shape conformity, which will cause degradation in their intended per-
formance. Indirect application of wire-woven technique has also been reported for constructing hollow truss 
metallic porous microstructure34. Space holding template is first been built with the wire-woven technique using 
polylactic acid (PLA) wires, which is then infiltrated with UV-curable resin. Finally, nickel–phosphorus (Ni–P) 
thin-film through electroless plating is performed to construct the thin wall lattice structure.

In Contrast, direct-write or 3D printing15, often considered as a single stage digital manufacturing process 
with incremental consolidation of low dimensional forms of feed-stock materials, i.e., powder, liquid vet, or 
semi-molten filament to construct lattice structure following their virtual design35. ASTM classifies the available 
AM processes into seven categories and among them, extrusion process36, powder bed fusion6,37,38, and direct 
energy deposition are often used to fabricate complex structures, i.e., metal lattice. The extrusion-based process 
often called the direct ink writing technique, utilized robotic-assisted deposition to print lattice structures with 
aqueous or polymer-based metallic ink. Nozzle agglomeration, pores or microvoids, uneven surfaces, cracks, 
and shrinkage can be a challenge for lattice strut or thin section39. In powder bed fusion processes, the quality 
and performance of the structures often depend upon the use of heat sources, control in process parameters, 
and post-processing techniques. For example, a laser beam is used to melt the metal powder in the selective laser 
melting (SLM) technique. However, uncontrollable thermo-mechanical behavior40 in the tool-less 3DP process 
brings (a) diverse and amorphous (metastable) microstructure5,37 (b) higher contamination41; and (c) shrinkage 
and disconnected nodes17.

Alternatively, the electron beam melting (EBM) technique uses an electron beam in a highly controlled 
vacuum environment for melting and joining the metal powder. The process uses preheating of the powder 
to around 80% of the melting point using the same electron beam before it scanned at high power to melt the 
powder42. Due to the use of preheating, the overall heat transfer process is significantly more controllable, and 
for lattice structures, the thermal residual stress issue is also often considered negligible due to the high substrate 

Figure 1.   Multilayer lattice structure manufacturing technique (a–b) lattice (macro scale) building block 
assembly10; (c) multi-stage manufacturing of pyramidal lattice sandwich11; (d) Strucwire/Wire-woven with 
0.63 mm steel wire12; (e) Ultralight micro-lattice (5 cm length) with electroless nickel plating13 (f) liquid metal 
drop 0.5 mm scale14 (g) direct write 200 µm nozzle15.
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temperature and the “stress-relieving effect” in-process. Thus, the EBM powder bed fusion technique could 
be advantageous in fabricating lattice structures. For instance, heat treatments to relieve residual stresses are 
not necessary in EBM as the powder bed is preheated in this process43. Additionally, internal porosity in EBM 
made parts can be reduced or eliminated with special heat treatments such as hot isostatic pressing (HIP)44. The 
fabrication of lattice structures using metal AM processes is also significantly different from the fabrication of 
bulk objects. Overall, the AM approach poses some substantial limitations to lattice structures such as surface 
quality38,45, resolution, low powder utilization and build defects, and geometric imperfections9. Many of these 
reported issues may often be resulted from the knowledge gap rather than intrinsic process limitations and can 
be eliminated by applying post-processing techniques46,47.

This paper is investigating a new manufacturing process of a lattice structure with continuous rods. Fabricat-
ing lattice structures with 1D metallic wires have several advantages compared to other forms of material, i.e., 
powder, 2D sheet, liquid metal. They are easy to handle, radially available, cheap compared to other forms of 
metals, minimal waste, and homogeneous. Almost all metals, including zirconium and tungsten, can be formed 
into a wire48. A multi-layer, periodic, and aperiodic lattice structure can be manufactured with continuous thin 
rods by bending it with a repetitive pattern in a casual way. A more systematic approach is shown in Fig. 2, where 
the topology optimization technique from our prior work (‘pixelization to voxelization’49–51 is employed. A CNC 
machine is retrofitted to construct the designed 3D lattice structure with disjoined nodes, which is defined as a 
loose lattice structure in this paper. It should be mentioned that the sophisticated topology optimization tech-
nique is not mandatory for making the structure with wire material. However, the generated nodes are required 
to be welded to achieve mechanically robust functional structures. Due to the size of the unit cell and complex 
structure, the nodes are often inaccessible and cannot be welded with traditional processes i.e., spraying, arc, 
TIG/MIG, or gas welding. This paper is investigating the joining of nodes in loose lattice structure by delivering 
materials through dipping. The individual unit cells considered in this paper are meso- and macro-scale dimen-
sions (from couple mm to several cms)52,53, whereas the dimension of the structure can be multiple order of 
magnitude larger. A polymer–metal adhesive bonding with an Epoxy solution and a metal–metal joining with 
transient liquid phase bonding (TLP) technique has been investigated here.

Result
Loose lattice joined with epoxy polymer (polymer–metal join).  Commercially available 2000 
Epoxy Resin and 2120 Hardener is used to connect the nodes of the loose lattice structure. The cylindrical metal 
substrate is immersed into the epoxy blend at a constant speed (0.1 mm/sec to 10 mm/s) and will remain there 
for a constant dwelling time of 10 s before retracting. No kinetic energy is applied during this dipping process. 
At the dwelling state, the polymeric chain will land on the metal surface, forming a polymeric layer due to the 
entropy advantage. The sticking energies per chain increase in proportion to the number of monomer units 
adsorbed on the substrate surface54. This formation is unavoidable when even weakly attractive surfaces come 
into contact with a polymer solution55. The wetting phenomenon will facilitate the adsorbed interface, and a 
liquid bridge will be formed between the adjacent surface, as shown in Fig. 3. The epoxy material is hardened at 
the curing stage and creating bonds at the node. Samples are fabricated and tested for mechanical properties, as 

Figure 2.   Construction of loose lattice structure with continuous wire bending technique.
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shown in Fig. 4. As expected, the bonds can hold the node under a reasonable amount of load (Table 1). How-
ever, the failure (brittle fracture) occurs at the polymer–metal interface, which is the weakest point of the lattice 
structure. For better mechanical properties, metal–metal bonding is also designed and investigated in this paper.

Loose lattice joined with transient liquid phase (tlp) bonding (metal–metal join).  Transient 
Liquid Phase (TLP) bonding process is employed to join the struts at junctions by dipping the loose lattice into 
the interlayer alloy mixture, which is defined as a liquid carrier system (LCS). The interlayer alloy or inorganic 
particles (IP) are entrapped on the metal substrate due to the adsorption kinetics between the polymer glue, 
metal substrate, and inorganic particles (IP) as shown in Fig. 5. The interlayer alloy coated lattice structures 
are shown in Table 2, which are then transfer to a vacuum furnace at 10–3 torr. Sample lattice structures with 
AISI1006 material (diameter 1.02 mm) are designed and manufactured, as shown in Table 2 and Fig. 6. Both 

Figure 3.   Sample lattice structure fabrication by joining the node with the epoxy polymer.

Figure 4.   Compressive test of lattice structure with the continuous rod. The nodes are joined with 2000 Epoxy 
Resin and 2120 Epoxy Hardener (a) Copper wire Ф = 1.02 mm, cell size 5 mm; 2 × 2 × 2 structure (b) and (c) 
AISI1006 Carbon Steel wire Ф = 1.63 mm, cell size 15 mm with 2 × 2 × 2 and 2 × 2 × 1 structure respectively; (d) 
load profile for sample (c).
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Table 1.   Properties of lattice structure nodes joined with the epoxy polymer.

Materials Copper wire AISI1006 carbon steel AISI1006 carbon steel

Wire diameter (mm) 1.02 1.63 1.63

Cell size 2 × 2 × 2 2 × 2 × 2 2 × 2 × 1

Volume fraction 4.2% 6.2% 6.2%

Measured stress (MPa) 0.98 0.83 0.64

Figure 5.   Metal substrate dipping and solid transfer process by entrapping IPs from LCP (micrograph) The 
scale bar in the rightmost figure is 100 µm.

Table 2.   Fabricated and joined cubic lattice structures.

Loose lattice Coated (green) Joined with TLP

Cell size: 10 mm 2 × 2 × 1 cell lattice AISI1006

Cell size: 10 mm 2 × 2 × 2 cell lattice AISI1006

Cell size: 12 mm 2 × 2 × 1 cell lattice AISI1006

Cell size: 12 mm 2 × 2 × 2 cell lattice AISI1006
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2 × 2 × 1 and 2 × 2 × 2 cells with unit cell size 8 mm cell, 10 mm cell, and 12 mm can be seen in Fig. 6. To provide 
better nodal contact, some struts are extended by ± 1.5 mm, which caused some slanted vertical struts. The shiny 
color of the joined lattice can be attributed to the presence of Chromium in the interlayer alloy particles.

Two groups of structures are fabricated and two samples are tested for mechanical properties: (i) single 
layer 2 × 2 × 1 cell lattice, which has two cells on both X and Y directions and one cell along Z direction; and 
(ii) double-layer 2 × 2 × 2 cell lattice, which has two cells on all directions. 8 mm, 10 mm, and 12 mm cell sizes 
as shown in Fig. 6. The nominal stresses ( σlattice ) of the lattice structures are measured by dividing the applied 
load by the initial cross-sectional area of the structures perpendicular to the load. The nominal lattice strains 
( εlattice ) are measured from the deflection of the interface between the structures and the compression platens. 
The stress–strain curves obtained from the measured data are used to study the compression behavior of the 
sample structures.

The stress (σlattice)–strain (εlattice) behavior of the 2 × 2 × 2 cell lattice structures for the Z-axis loading can 
be observed in Fig. 7. The linear elasticity of all the samples spans over a very small strain range and the lattice 
elastic moduli Elattice are determined from this strain range. The linear elasticity ends through plastic failure at 
the plastic strain εpllattice giving the lattice strength σlattice . After plastic failure starts, the lattice structures show 
long plastic plateau regions until densification starts at the densification strain εDlattice . Table 3 lists the values of 
strengths, plastic strains, and elastic moduli of the 2 × 2 × 2 cell structures for Z-axis loading. The lattice strength 
and elastic modulus decreased with the increase in cell size or reduced lattice relative density. The plastic strain 
also decreases with the increase in cell size except for the 10 mm cell, which can be attributed to the different 
behavior at the yielding region (Fig. 7b) compared to 8 mm and 12 mm cells. The stress–strain curves in Fig. 7 
also indicate that the densification of all the 2 × 2 × 2 cell lattice structures starts at around 70% strain.

The stress (σlattice)–strain (εlattice) curves for 2 × 2 × 1 cell lattice structures under Z-axis loading are given in 
Fig. 8. Table 4 lists the values of the strengths, plastic strains, and elastic moduli of the 2 × 2 × 1 cell structures for 

Figure 6.   AISI1006 low carbon steel wire lattice structures fabricated and joined for compression testing. The 
measured relative density (a) 8.6% and 6.8% for 8 mm cell; (b) 6.4% and 5.3% for 10 mm cell; and (c) 5.0% and 
3.8% for 12 mm cell with 2 × 2 × 1 and 2 × 2 × 2 structure respectively.
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Figure 7.   Stress vs lattice strain curves of 2 × 2 × 2 cell lattice structures for Z-axis loading: (a) 8 mm cell, relative 
density = 0.068; (b) 10 mm cell, relative density = 0.053; and (c) 12 mm cell, relative density = 0.038.
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Z-axis loading. The lattice strength, plastic strain, and elastic modulus gradually decrease with cell size (reduc-
tion in lattice relative density). Additionally, it can be observed that the lattice strength, plastic strain, and elastic 
modulus for all cell sizes of 2 × 2 × 1 lattice are higher than that for all cell sizes of 2 × 2 × 2 lattice. This can be 
attributed to the increased relative density of the 2 × 2 × 1 lattices due to the additional top and bottom zigzag 
layers. The stress–strain curves in Fig. 8 also indicate that the densification of the 8 mm, 10 mm, and 12 mm cell 
2 × 2 × 1 structures starts approximately at 45%, 55%, and 63% strain levels, respectively, which are lower than 
the densification strains of 2 × 2 × 2 structures. The increased relative density of the 2 × 2 × 1 structures again 
results in such early densification.

The 2 × 2 × 2 cell lattice structures are also tested under X and Y direction compression loadings to observe 
any mechanical anisotropy. The stress–strain curves demonstrate that the mechanical behavior of the structures 
along X and Y directions closely follows each other. However, the strengths ( σX, lattice , σY , lattice ), plastic strains 
( εplX, lattice , ε

pl
Y , lattice ), and elastic moduli ( EX, lattice , EY , lattice ) along X and Y directions are lower than that along the 

Z-direction, as shown in Fig. 9. This indicates some mechanical anisotropy in the fabricated structures, which 
is also justified by the unit cell geometry. The unit cell designed for continuous bending path has more vertical 
struts than horizontal ones, making the structure stronger along vertical (Z) direction.

Discussion
In this paper, we demonstrate a new possibility of fabricating metal lattice structures with continuous rods. The 
focus of this paper is to investigate the way to connect the nodes of the complex lattice structure that are hard to 
reach. The out of plane bent (3D) structure (loose lattice) will have nodes with a gap, which bring an additional 
level of complexity into their joining. Both liquid state (epoxy) and solid-state (inorganic particles) joining 
agents are considered and their delivery is ensured using the dipping process. Thus, the rheology controlling 
approach is used to design a liquid carrier system. In the case of epoxy, mixing the resin and hardener constructs 
a homogeneous solution and the rheology can be controlled with a mixing ration. However, in metal–metal TLP 
bonding, interlayer alloy need to be delivered, which are hard, spherical, large size, and high-density particles. 
Adding particles to any liquids modifies its physical properties, i.e., density, viscoelasticity. Liquid Carrier Sys-
tem (LCS) is the particle bearing mixture and display complex rheological behavior with the added fraction of 
IP. Added particles act as obstacles to the fluid flow, increasing the flow resistance or viscosity. A liquid carrier 
delivery system is designed with close to 40% solid loading. It is used to deliver the inorganic particles to join 
the nodes using the TLP process (details in the “Method” section).

Table 3.   Strength, plastic strain, and elastic modulus of 2 × 2 × 2 cell lattice structures for Z-axis loading.

8 mm cell 10 mm cell 12 mm cell

σZ, lattice (MPa) 2.14 ± 0.25 0.93 ± 0.13 0.81 ± 0.05

ε
pl
Z, lattice (%) 4.15 ± 0.46 4.62 ± 1.07 2.50 ± 0.21

EZ, lattice (MPa) 1.48 ± 0.01 0.45 ± 0.13 0.36 ± 0.01
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Figure 8.   Stress vs lattice strain curves of 2 × 2 × 1 cell lattice structures for Z-axis loading: (a) 8 mm cell, relative 
density = 0.086; (b) 10 mm cell, relative density = 0.064; and (c) 12 mm cell, relative density = 0.05.

Table 4.   Strength, plastic strain, and elastic modulus of 2 × 2 × 1 cell lattice structures for Z-axis loading.

8 mm cell 10 mm cell 12 mm cell

σZ, lattice (MPa) 3.15 ± 0.17 1.58 ± 0.26 1.07 ± 0.00

ε
pl
Z, lattice (%) 10.34 ± 1.07 9.46 ± 0.47 7.10 ± 1.05

EZ, lattice (MPa) 1.72 ± 0.02 0.81 ± 0.47 0.51 ± 0.14
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For TLP bonding, the effective viscosity of our LCS is the pivotal parameter in determining the performance 
of solid particle transfer. The common dipping mixtures are often embedded with organic or inorganic fillers, 
nanoparticles, or clusters (d < 30 nm) that remain suspended by density-matching rheology56. The particle–par-
ticle and particle–surface adhesion force can be categorized as (i) electrostatic, (ii) van der Waals, and (iii) 
gravitational forces57. For submicron size particles, the electrostatic force and van der Waals become prominent 
for adhering on the substrate due to their possession of a large specific surface. To avoid the agglomeration 
between nano-particles, a dispersant is often added. However, for larger particles (> 1 µm) the specific surface 
area is reduced, which makes them non-interacting and non-agglomerating spherical solid particles in the liquid 
matrix (non-Brownian regime)58. This will reduce the interacting surface area between the substrate and the 
particles while creating a density mismatching dipping mixture. The insoluble spherical shaped hard inorganic 
particles (IP) have an average diameter of ~ 5 µm and particle to liquid density ratio > 7. Fast sedimentation of 
IPs will occur, which accumulates the IP at the bottom of the dipping vessel and creating a phase separation. To 
avoid sedimentation, the mixture is stirred before dipping for providing bulk motion aiding the dispersion and 
off-bottom suspension of IPs in LCS.

After dipping, we achieved an average of 129 µm coating thickness and we also observed a liquid bridge up 
to 1.5 mm after double-dipping which helped to fill a larger gap at nodes. For the epoxy specimen, a couple of 
gaps were large and the concentration of our epoxy glue was unable to fill them with the liquid bridge, as shown 
in Fig. 3. However, for the TLP specimen, only one node from the cell size 12 mm 2 × 2 × 2 structure was not 
filled by the liquid bridge. It should be noted here that, to provide better nodal contact for our TLP specimen, 
some struts are extended by ± 1.5 mm and the corresponding vertical struts become slanted, which can be seen 
in Table 1. The large gap TLP issue can be addressed by adding steel spheres (sphere 0.5 ~ 1.5 mm dia) into the 
LCS (composite interlayer) to match the wide gap in the green wire-shaped structure. The larger steel sphere will 
act as a space-filler to close the gap and create a bond-line similar to the medial axis in that the wide gap region 
compares to the traditional straight lines. Additionally, a large gap TLP joined (> 2 mm) has been reported by 
increasing the bonding temperature at about 130 °C59.

We also measured the weight of TLP specimens before and after dipping in dry conditions. A total of ~ 45% 
weight difference is observed, which is the weight of the glue and the powder combined as the solvent evaporated. 
As planned, more powder is seen to be entrapped between two adjacent surfaces in the liquid bridge volume. The 
remaining open surfaces are also covered with the powder coat due to polymer adhesive. The coated structure 
is sent to the vacuum furnace for solid-state TLP joining. The eutectic interlayer alloy on the faying surface melt 
at high temperatures (~ 1150 °C, which is below the substrate melting point), and the liquid phase fills the voids 
between the mating surfaces. As a result, high compressive load and strict surface finish are not necessary to 
cause diffusion in TLP bonding60. With proper process parameters (i.e., heating profile, time, gap) and interlayer 
materials (i.e., amount, composition), it can produce a very strong and interface free joint with no remnant of the 
bonding agent and with no or little surface preparation61,62. However, extensive diffusion can alter the substrate’s 
microstructure, which can occur in the presence of a large amount of interlayer alloy63. We observed a 13% 
increase in wire diameter, which is the melt coat of the powder. This may cause weaker strut and low modulus 
of our lattice structure in our experiment. This issue can be addressed by optimizing the delivery volume of the 
IPs by designing the LCS. The delivery volume on the lattice surface can also be spatially controlled by surface 
modification techniques (i.e., etching) to control the interactions between the glue and the substrate.

Pictures in Fig. 10 demonstrate the failure process of the 2 × 2 × 1 and 2 × 2 × 2 lattice structures subject to 
compression loading in Z-direction, at the overall lattice strains ( εlattice ) of 0%, 20%, 40%, 45%, and 60%. For 
both lattice configurations at εlattice = 20% , it can be observed that the deformation of structures predominantly 
occurred through inward and outward buckling of the vertical struts. As the load increases during the compres-
sion process ( εlattice = 40% ), the vertical struts buckled more and bent, and the horizontal struts also started 
to bend which is the expected phenomenon in bending dominated structures. Densification in single stacked 
2 × 2 × 1 cell lattice starts approximately at 45%, 55%, and 63% strain levels for 8, 10, and 12 mm, respectively. 
For double-stacked 2 × 2 × 2 lattice, the plateau stress region still sustained up to 60% strain and densification is 
observed after 70% strain. This early densification for 2 × 2 × 1 c ell can be attributed to the cell design modifica-
tion of slanted vertical struts explained earlier. Due to this additional angel, the vertical struts take a ‘S’ shape 
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deformation, which introduces self-intersecting deformed members during compression. For smaller-sized 
single-stacking structures, this self-intersecting phenomenon causes densified walls, which are demonstrated 
earlier than other tested structures and caused early ‘pseudo’ densification behavior. However, this densification 
value is not far from a similar experiment reported in the literature. For example, stainless steel lattice is fabri-
cated with the hollow truss by laying up collinear arrays with relative density from 3 to 23%64. They reported the 
compressive response exhibiting three regions: (a) elastic response (b) plastic yielding with plateau region and (c) 
densification. We also saw similar regions in our compressive plot of the structure (see Figs. 7,8, 9). Additionally, 
the densification strain has been reported at 50–60% which is comparable to our findings. This finding is also 
supported by the localized deformation mode with a higher inclination angle65.

We observed that in all samples, the strength and elastic modulus of the fabricated lattice decreases with the 
increase in cell size or reduced lattice relative density. This is in rapport with the traditional consensus of keep-
ing the ratio of strut diameter and cell size close to 10. In the epoxy bonding, the failure occurs at the node as 
the cured material experience brittle failure. Whereas, in metal–metal TLP bonding, the strut of the structure 
deforms. The deformation of the strut is related to the size of the cell, i.e., small cell size with relatively softer 
material performs better in both bonding types than the larger cell type. For example, epoxy joined copper lattice 
(cell size 5 mm) has measured stress of 0.98 MPa, comparable to the metal–metal TLP joined AISI1006 steel (cell 
size 12 mm) lattice structure. We also observed anisotropy in our TLP joined structures, where we found lower 
mechanical properties in the X and Y direction load (Fig. 9). This can be attributed due to the lower number of 
vertical elements and with additional struts, the mechanical rigidity can be improved along those directions.

To further understand the characteristics of our TLP structures, we analyzed their failure mode and compa-
rable performance. The young’s modulus for bulk AISI1006 is approximately 200 GPa which decreases with the 
topology along with their relative density. For cellular structures, the mechanical performance drops rapidly with 
decreasing relative density (increasing porosity)66. This loss of performance is often expressed with quadratic or 
higher-order scaling relationship between modulus and relative density. One such semi-empirical theory sug-
gested by Gibson and Ashby67 is most commonly used to characterize the cellular materials. The power law and 
the strain of densification states below:

here, Elatt.andρlatt. are, respectively, Young’s modulus and mass density of the lattice structure, whereas 
Esol.andρsol. denotes the respective value of the constituent solid’s material property. Additionally, the decrease 
in performance has been attributed to constituent material properties, cell type (i.e., FCC, BCC, Cuboid, etc.)24 
and arrangement of struts (i.e., number of struts joined in each node)68. The arrangement of the strut is often 
expressed via bending dominated vs stretch dominated structure by using Maxwell’s number2. However, in 
a recent publication by Chen et. al.66, a near-linear scaling of stiffness and relative density is achieved by the 
bending-dominated unit cells. We argue that the performance is also governed by the manufacturing modalities 
(i.e., investment casting vs. 3D printing vs. machining, etc.) which has rarely been differentiated. The degradation 

Elatt.

Esol.
= C(

ρlatt.

ρsol.
)
n

Figure 10.   Compressing behavior of single stacked (2 × 2 × 1) 8 mm and 10 mm and double stacked (2 × 2 × 2) 
10 mm cell size and lattice structures under Z-axis loading.
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of performance from these various sources is often accounted for in the empirical constant such as Candn.T he 
expected value of n = 2 ∼ 3 and C ≈ 1 for bending dominated (fixed joint) cell.

By plotting the data of Tables 3 and 4, we determined their value with a fitted line as n = 2.145andC ≈ 0.0017 
with the R2

= 0.87 . Two additional lines with n = 2 and C = 1, and n = 4.04 and C = 1 are drawn in Fig. 11 for 
comparison. The value of C from our experiment is orders of magnitude lower than the suggested value, which 
is due to the low Young’s modulus. Rather than indicating that our experimental results are erroneous, this result 
simply highlights the limitations of capturing the loss of performance with such a simplified relationship and the 
empirical constants. Both cell geometry, materials, and manufacturing processes can be attributed to the lower 
value of Candn. For example, the relative density for our six samples ranges from 5% to 8.6%, which does not 
cover a good range of relative density. Thus the trend line of the data may not represent the characteristics of the 
lattices as the data points are very close to each other, shown in Fig. 11. Furthermore, our bending-dominated 
cuboid cell type has a larger cell size to strut diameter ratio (~ 8, 10, and 12) compare to commonly reported 
cell size ratio in the literature. For example, 3 mm bcc cell69 and 4 mm Gyroid cell59 were reported with 22% and 
15% relative density, which are significantly different than our proposed structures. Strut-based topologies70 have 
been expressed by Maxwell’s number which analytically determines the minimum strut number to equilibrate 
the external force and moment at the nodes. In axial compression load, the moments induced at the nodes are 
not equilibrated in the cuboid structure causing a bending dominated behavior. This phenomenon makes them 
more compliant and result consistent deformation than stretch dominated structures (i.e., BCC, FCC, Octet 
etc.)71 which may also cause the variation in results.

Additionally, our structures are built with softer annealed AISI 1006 materials compare to 3D printed 316 L 
and Al–Si10–Mg. Some struts in our structure are extended by ± 1.5 mm which makes them slanted and increases 
the nodal contact. Such design modification helps provide better nodal contact but will facilitate the localized 
deformation with this added inclination angle to the column lowering the compressive strength65. The presence of 
excess interlayer ink has been reported to deteriorate the strength of the wires48 and post-treatment for strength 
restoration is often necessary. However, no post-treatments are performed on our structures, which may provide 
room for improvement in our results. We also observed that a couple of the nodes are not connected due to 
bigger gaps. With such imperfection even with a small number of disjoined nodes, the performance can drop 
rapidly24, which may also contribute to the low compressive strength. As per the strength-density Ashby plot72, 
the compressive strengths of the fabricated wire lattice structures fall in the range of metal foams, with significant 
room for improvement. This identifies that our proposed wire lattice structures as promising candidates for the 
lightweight metallic cellular structure manufacturing process.

This paper demonstrates the rapid insertion of known materials in the form of functional multi-layer metallic 
lattice structure not yet possible with conventional tools. Hence, it accelerates the discovery of a novel functional 
and resource-efficient (lowering material cost, post-processing cost, and time) manufacturing modal. The use 
of readily available 1D wire materials compared to lower dimension feed-stock materials (powder or melt-pool) 
is a further innovation of this research. Metal wires are readily available, 90% cheaper than powder form, can 
survive the corrosive environment, contain lower contaminant, and shows homogeneous properties. Metal wires 
have been successfully used to fabricate periodic metal lattice structures using weaving techniques. The spin-
insertion of helical preformed wires from multiple directions can construct the 3D structure with a reported 
relative density of about 3.5% after joining48, which is comparable to our proposed technique. However, the wire 
woven process is limited in geometries due to the required symmetry for spin-insertion. During the spin inser-
tion, the preformed wire may experience higher order frictional resistance, which can cause the failure of wires 
(break, tear, etc.). As a result, the process is often restricted to the cylindrical wire form. Specialized equipment 
and tooling are necessary to automate the weaving of desired cell geometry due to multiple arrangements of 

Figure 11.   Scaling behavior of stiffness as a function of relative density.
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preformed wire groups and complex motions. For example, the preformed elastic wires need to be fixed with 
external frames to prevent spring-back. Furthermore, the process may require both inplane and out-of-plane 
assembling for 3D lattices, which introduces an additional manufacturing complexity level.

The preformed shape of the wires introduces curviness in the struts of the 3D structure made from wire 
woven, which facilitates the bending dominated failure and deteriorates the strengths and moduli of the wire-
woven metals. The performance between 3D wire weaving and the proposed technique can be compared using 
the experimental result reported in the literature73. The Wire-woven Bulk Cross (WBC) structure in the literature 
is compared with the cuboid structure shown in Table 5. However, the AISI 304 is used to fabricate the WBC 
structure compare to our AISI 1006. The reported relative density and slenderness ratio is also different than 
our tested result. Given both structures are bending dominated and slanted, the results shown in the table are 
comparable.

Additionally, lattice structures with controllable spatial properties (i.e., stiffness, density, filtration, etc.) are 
highly desirable for a precision-based application environment, but may only come with heterogeneous or 
aperiodic cellular structures7. Aperiodicity in lattice structure can be achieved with one or more of the three 
configurations (i) lattice pattern (e.g., BCC, Cubic, hexagon, etc.); (ii) shape conformity (e.g. conforming the 
object shape) and (iii) progressivity (e.g. gradient through size, shape or pattern of lattice) along R3 domain. It is 
the general consensus that optimal multi-functionality requires aperiodic lattice architecture but their realiza-
tion itself is a challenge with current lattice manufacturing techniques including the wire-woven process. The 
proposed technique can construct an aperiodic lattice structure by bending the wire with the desired pattern 
and joining the nodes, opening up a new possibility.

The research proposed here is a novel multi-scale lattice structure manufacturing platform that will utilize 
the dip-coating science for delivering the interlayer particles in hard to reach places and liquid-bridge the 
gap for TLP bonding. Since its invention in the early 1970s, much work has been performed on optimizing 
TLP bonding parameters, a list that includes temperature, holding time74, pressure, base materials75, interlayer 
composition76,77, MPD types, diffusion rate78, and microstructure development79,80. However, faying surfaces 
are commonly assumed to be semi-infinite flat substrates and the interlayer material is generally applied in the 
form of thin foil81–83, fine powder (with or without binder)84,85, paste86, electroplate87,88 and, sputter89,90. Due to 
the intricate architecture of the lattice structure made with continuous wire, the faying surface will be inacces-
sible to traditional interlayer coating techniques. Besides, the structure will have wider gaps compared to the 
status quo TLP gaps. Dipping the intricate lattice structure in the interlayer particulate suspension as a delivery 
technique is the novelty of this work.

The knowledge presented in this paper may open-up a new avenue of advanced manufacturing systems that 
will actively integrate design (virtual), data (intelligence), material, and manufacturing (realization) processes to 
bring open-cell lattice structures into regular use. The process has the potentials to fill the ‘opportunity void’ in 
the ‘Ashby chart’. The proposed multi-scale lattice structure manufacturing platform will open up a new avenue 
for smart structures research. The proposed method will virtually generate zero waste and can bring environ-
mentally conscious lattice part building techniques and thus may help to build ‘greener’ products and processes.

The generated structure can be suitable for impact-absorbing structures91 for microelectronics, medical 
devices; tissue scaffolds; shelters; porous orthopedic implants; reinforcement architecture, shape morphing92,93, 
cores with outer skin-wall53 or net/twin skin94,95 objects. Other uses include aircraft components such as fuselage 
and wings, automobile components such as doors, dashboards micro drones (artificial insects), dwelling/storage 
units, boat hulls and components, and many other structures. The advantage of such large structures, such as 
dwellings/storage units is that the wire components and the covering materials can be delivered separately and 
assembled on-site, such as at the site of a natural disaster or military outpost. This would make the delivery easier 
and more efficient than the traditional finished structures.

Method
Joining the loose nodes with polymer epoxy.  For adhesive, commercially available 2000 Epoxy Resin 
is used with 2120 Epoxy Hardener (mix ratio by volume: 3:1 with a viscosity of 950–975 cps at 77 °C and density 
0.041 lb/in3). Before dipping the loose lattice structure, they are degreased with isopropyl alcohol and trichloro-
ethylene bath followed by surface etching for improved adhesive bonding. The bent lattice structures are dipped 
in the epoxy resin orthogonally for 30 to 60 s and then placed in an oven for 30 min at 100 °C. The prepared 
epoxy solution can bridge a range of gaps that are common in the loose lattice structure as shown in Fig. 12.

Node joining with transient liquid phase (TLP).  Preparation of liquid carrier delivery system.  Tran-
sient liquid phase (TLP) bonding is a metal–metal joining process that combines the characteristics of both 

Table 5.   Performance comparison between wire-weaving and proposed wire-bending technique.

Structure type materials

T-type WBC

Cuboid (AISI 1006)

2 × 2 × 1 2 × 2 × 2

AISI 304 AISI 1006 AISI 1006

Relative density 11 8 5 8.6 6.4 5.0 6.8 5.3 3.8

Slenderness ratio 0.146 0.121 0.096 0.125 0.100 0.083 0.125 0.100 0.083

Compressive stress (MPa) 6.2 5.0 3.0 3.15 1.58 1.07 2.14 0.93 0.81
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diffusion bonding and brazing. TLP requires putting an interlayer (filler) metal/alloy containing a melting point 
depressant (MPD) of the substrate metals between the faying surfaces. Nicrobraz powder (Wall Colmonoy com-
pany, Ohio) is considered as the inorganic particles (IP), which need to be transferred to the node of the loose 
lattice. These powders are usually large-sized (Avg d ≥ 4.84 µm, density 7.89 gm/cm3, liquidus temperature 950 
°C) spherical hard particles and commonly used for joining similar or dissimilar material using various solid-
state joining process (e.g., diffusion bonding, transient liquid phase bonding, and brazing). Due to the size of 
the unit cell and complex structure, the nodes are not easily accessible within the loose lattice. A liquid carrier 
system is designed to deliver the large, hard inorganic particles at the node, as shown in Fig. 13.

Solute/binder.  Polymethyl methacrylate (PMMA) is considered as the binder polymer. It is a popular trans-
parent acrylic resin commonly known as plexiglass. This amorphous thermoplastic demonstrates satisfactory 
gap-filling properties, excellent thermal stability (flash point > 250 °C) and tensile strength (72 MPa), low density 
(~ 1.17 g/cm3), relatively harmless non-explosive and non-flammable material. The popular aphorism of “like-
dissolve-like” governs its solubility96.

Solvent.  Toluene, chloroform, butanone (MEK), and Dioxolane are some common solvent for PMMA. Among 
them, 1,3 Dioxolane has a favorable toxicity profile, low density (~ 1.06 g/cm3), and an excellent evaporation rate. 
This cyclic acetal facilitates polymerization of PMMA, has an intermediate polarity (dielectric constant = 7.13), 
and vapor pressure 70 mmHg (20 °C). Both solute and solvent are purchased from Sigma Aldrich and stirred 
for 8 h to make the Liquid Carrier Solution (LCS). About 40% (v/v) inorganic particles are added to the solution 
before dipping. Due to the density mismatching between IP’s (7.89 gm/cm3) and LCS solution will facilitate fast 
sedimentation of IP’s and dragging them to the bottom. A magnetic stirrer is used to disperse the particles spa-
tially. The loose lattice is dipped in the ‘pseudo’ suspension, and the particles are transferred at the node.

Optimizing the composition of liquid carrier delivery system.  The volume concentrations of binder (PMMA), 
interlayer alloy (Nicrobraz 51 powder), and solvent (1,3-Dioxolane) is considered as the three factors for the 
experiment. From a preliminary experiment it was found that the usable volume concentration domains of 
these three constituents for the dip coating process are 2.13–7.5%, 29.75–52.5%, and 40–66%, respectively. At 
first, three concentration (%v) levels (40%, 53%, and 66%) of the solvent (1,3-Dioxolane) in the suspension were 
chosen. The remaining of the mixture was constituted with PMMA and Nicrobraz 51 powder at 1:7, 1:11, and 
1:15 volume ratios. The naming convention of the mixture is as follows: “D40-P1-N7” indicates that the volume 
fraction of Dioxolane (D) is 40% and the volume ratio of PMMA (P) and Nicrobraz 51 (N) is 1:7.

To determine the workable composition, three wire specimens (three replicates) are cleaned and dipped in 
each composition, and the thickness is measured using a microscope, as shown in Fig. 14. AISI1006 wires with 
a diameter of 1.02 mm ± 0.02 mm are cleaned successively with 400, 600, and 1200 grit emery papers. Then the 

Figure 12.   Liquid bridge formation in the bended wire node with carbon steel (dia:1.63 mm) and copper (dia: 
1.02 and 0.51 mm). Scale bar 1 cm.

Figure 13.   Flowchart of interlayer material suspension preparation.
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wires are cut into 6 cm ± 2 mm straight specimens with a high-speed precision cutter (Allied High Tech Products, 
Inc). The wire specimens were ultrasonically washed in acetone and air dried for the dipping process. The coated 
specimens were kept in the open air at room temperature overnight to let the coating completely dry. Some wire 
specimens coated with D40-P1-N7 and D53-P1-N7 composition are shown in Fig. 14. The coating thicknesses 
are measured from the optical micrographs at three locations (top, mid, and bottom) which are represented with 
a column chart in Fig. 15.

Composition D40-P1-N7, D40-P1-N11, and D40-P1-N15 are highly viscous due to the lower concentration 
(40%) of solvent and create a significantly thicker coating. The resulting yield stress may deform the green (loose) 
lattice structure during the dipping process. On the other hand, composition D66-P1-N7, D66-P1-N11, and 
D66-P1-N15 have lower viscosity and the coating thickness is low. As a result, the volume of interlayer material 
transferred is insufficient for the TLP joining. Based on these results, two additional compositions D44-P1-N11 

Figure 14.   Micrographs of coated wire and coating thickness measurement for composition D53-P1-N7 (top) 
and D40-P1-N7 (bottom).
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and D48-P1-N11 are also tested and their results are added in Fig. 15. We used composition D44-P1-N11 to 
join the lattice shown in Table 1.

Node joining in the vaccum furnace.  At high temperature (below the substrate melting point), the interlayer 
alloy liquefies and fills the joint area by capillary action. This liquid phase forms a capillary bridge in the inter-
layer region. Bonding then occurs as inter-diffusion changes the local composition, causing it to solidify isother-
mally. The temperature is raised to 580 °C at a rate of 20 °C/min and held there at 580 °C for 20 min. The polymer 
binder (PMMA) volatilizes at this temperature and leaves no residue in the vacuum furnace. The temperature 
is then raised to 1150 °C at a rate of 20 °C/min and held it there at 1150 °C for 1 h and 45 min. After that, the 
specimens are furnace cooled. After furnace cooling, the maximum gap sizes filled by melted and diffused inter-
layer alloy.

Mechanical testing.  The Fabricated and joined AISI1006 wire lattice structures are tested under compression 
loading to establish their stress–strain behavior. The compression tests are performed with an Instron 5567 uni-
versal testing machine utilizing a 30 kN load cell. The crosshead speed applied during the tests is 3 mm/min. The 
tests are controlled and the data are recorded using Bluehill software for Instron. All the tests are recorded with a 
high-speed camera and pictures at different strain levels are snapped from the video to analyze the deformation 
and progressive failure mechanism of the lattice structures. The tests are performed for compression loading on 
three principal directions (X, Y, and Z) to capture the mechanical anisotropy of the specimen structures shown 
in the “Result” section. The testing specimens are fabricated with AISI1006 low carbon steel wire of diameter 
1.02 mm.

Conclusion
There is a disconnect between design, geometry, process, and data for the fabrication of the functional 3D lattice 
structure. In this paper, a novel metal lattice manufacturing process has been demonstrated with wire material. 
The proposed method is able to construct a range of unit lattice, including cuboid, pyramidal, hexagon, truss-
like, prismatic, BCC, and FCC. The mechanical properties of the structures can be improved with better design, 
bending accuracy, optimum dipping mixture, particle size, which can be the future direction of this research.

The proposed methodology demonstrates the feasibility of making a metal wire structure from a continuous 
rod. For implementation, we activate a semi-automated process-plan for bending the wires where 2.5 D layers 
are bent with our lab-developed programmable machine. These layers can be stacked to realize the 3D shapes. 
The degree of automation can be increased and improved by deploying collaborative multi-robotic assembly and 
the error can be minimized by incorporating artificial intelligence in the future.

Received: 17 May 2020; Accepted: 9 December 2020

References
	 1.	 Brackett, D. J., Ashcroft, I. A., Wildman, R. D. & Hague, R. J. M. An error diffusion based method to generate functionally graded 

cellular structures. Comput. Struct. 138, 102–111 (2014).
	 2.	 Maxwell, J. C. On the calculation of the equilibrium and stiffness of frames. Philos. Mag. 27, 294 (1864).
	 3.	 Deshpande, V. S. & Fleck, N. A. Collapse of truss core sandwich beams in 3-point bending. Int. J. Solids Struct. 38(36), 6275–6305 

(2001).
	 4.	 Ashby, M. The properties of foams and lattices. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 364(1838), 15–30 (2005).
	 5.	 Carlton, H. D. et al. Mapping local deformation behavior in single cell metal lattice structures. Acta Mater. 129, 239–250 (2017).
	 6.	 Lozanovski, B. et al. Computational modelling of strut defects in SLM manufactured lattice structures. Mater. Des. 2019, 107671 

(2019).
	 7.	 Seepersad, C. C., Allen, J. K., McDowell, D. L. & Mistree, F. Robust design of cellular materials with topological and dimensional 

imperfections. J. Mech. Des. 128(6), 1285–1297 (2006).
	 8.	 Cheng, L., Liu, J., Liang, X. & To, A. C. Coupling lattice structure topology optimization with design-dependent feature evolution 

for additive manufactured heat conduction design. Comput. Methods Appl. Mech. Eng. 332, 408–439 (2018).
	 9.	 Dallago, M. et al. Geometric assessment of lattice materials built via selective laser melting. Mater. Today Proc. 7, 353–361 (2019).
	10.	 Cheung, K. C. Digital Cellular Solids: Reconfigurable Composite Materials (Massachusetts Institute of Technology, Cambridge, 

2012).
	11.	 Wadley, H. N. G. Multifunctional periodic cellular metals. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2006(364), 31–68 (1838).
	12.	 Kaina, S., Kieback, B., Hufenbach, W., Gottwald, R., Weck, D., Kieselstein, E., Studnitzky, T. & Stephani, G. Joining technologies 

and mechanical properties for a new kind of 3D wire structures. In 3rd International Symposium CELLMAT2010 (eds Stephani, 
G., Hike, T., Scheffler, M., & Adler, J.) 1, 445–452 (Dresden, 2010).

	13.	 Schaedler, T. A. et al. Ultralight metallic microlattices. Science 334(6058), 962–965 (2011).
	14.	 Ladd, C., So, J.-H., Muth, J. & Dickey, M. D. 3D printing of free standing liquid metal microstructures. Adv. Mater. 25(36), 

5081–5085 (2013).
	15.	 Compton, B. G. & Lewis, J. A. 3D-printing of lightweight cellular composites. Adv. Mater. 26(34), 5930–5935 (2014).
	16.	 Mun, J., Yun, B.-G., Ju, J. & Chang, B.-M. Indirect additive manufacturing based casting of a periodic 3D cellular metal—flow 

simulation of molten aluminum alloy. J. Manuf. Process. 17, 28–40 (2015).
	17.	 Yetna N’Jock, M. et al. Characterization of 100Cr6 lattice structures produced by robocasting. Mater. Des. 121, 345–354 (2017).
	18.	 Sennewald, C. et al. Metal sandwiches and metal-matrix-composites based on 3D woven wire structures for hybrid lightweight 

construction. Adv. Eng. Mater. 16(10), 1234–1242 (2014).
	19.	 Queheillalt, D. T. & Wadley, H. N. G. Titanium alloy lattice truss structures. Mater. Des. 30(6), 1966–1975 (2009).
	20.	 Zheng, X. et al. Ultralight, ultrastiff mechanical metamaterials. Science 344(6190), 1373–1377 (2014).
	21.	 Jiang, S., Sun, F., Zhang, X. & Fan, H. Interlocking orthogrid: an efficient way to construct lightweight lattice-core sandwich com-

posite structure. Compos. Struct. 176, 55–71 (2017).
	22.	 Cheung, K. C. & Gershenfeld, N. Reversibly assembled cellular composite materials. Science 341(6151), 1219–1221 (2013).



15

Vol.:(0123456789)

Scientific Reports |          (2021) 11:434  | https://doi.org/10.1038/s41598-020-79826-6

www.nature.com/scientificreports/

	23.	 Wadley, H. N. G., Dharmasena, K. P., O’Masta, M. R. & Wetzel, J. J. Impact response of aluminum corrugated core sandwich panels. 
Int. J. Impact Eng. 62, 114–128 (2013).

	24.	 Chen, W., Liu, Z., Robinson, H. M. & Schroers, J. Flaw tolerance vs. performance: a tradeoff in metallic glass cellular structures. 
Acta Mater. 73, 259–274 (2014).

	25.	 Li, Y., Yu, S., Chen, Y., Yu, R. & Shi, Y. Wire and arc additive manufacturing of aluminum alloy lattice structure. J. Manuf. Process. 
50, 510–519 (2020).

	26.	 Peng, E. et al. Robocasting of dense yttria-stabilized zirconia structures. J. Mater. Sci. 53(1), 247–273 (2018).
	27.	 Huang, T.-Y. et al. Four-dimensional micro-building blocks. Sci. Adv. 6(3), eaav8219 (2020).
	28.	 Kuang, X. et al. Advances in 4D printing: materials and applications. Adv. Funct. Mater. 29(2), 1805290 (2019).
	29.	 Siegel, A. C. et al. Foldable printed circuit boards on paper substrates. Adv. Funct. Mater. 20(1), 28–35 (2010).
	30.	 Leong, T. G., Zarafshar, A. M. & Gracias, D. H. Three-dimensional fabrication at small size scales. Small 6(7), 792–806 (2010).
	31.	 Miguel, E., Lepoutre, M. & Bickel, B. Computational design of stable planar-rod structures. J. ACM Trans. Graph. 35(4), Article 

86 (2016).
	32.	 Sypeck, D. J. & Wadley, H. N. G. Multifunctional microtruss laminates: textile synthesis and properties. J. Mater. Res. 16(3), 890–897 

(2001).
	33.	 Wadley, H. N. G. Multifunctional periodic cellular metals. Philos. Trans. Math. Phys. Eng. Sci. 2006(364), 31–68 (1838).
	34.	 Han, S. C., Choi, J. M., Liu, G. & Kang, K. A microscopic shell structure with Schwarz’s D-surface. Sci. Rep. 7(1), 13405 (2017).
	35.	 Maskery, I. et al. Insights into the mechanical properties of several triply periodic minimal surface lattice structures made by 

polymer additive manufacturing. Polymer 152, 62–71 (2018).
	36.	 Mishra, D. K. & Pandey, P. M. Experimental investigation into the fabrication of green body developed by micro-extrusion-based 

3D printing process. Polym. Compos. 41(5), 1986–2002 (2020).
	37.	 Yang, K. et al. Additive manufacturing of Ti–6Al–4V lattice structures with high structural integrity under large compressive 

deformation. J. Mater. Sci. Technol. 35(2), 303–308 (2019).
	38.	 Yang, L. et al. Additive manufacturing of metal cellular structures: design and fabrication. JOM 67(3), 608–615 (2015).
	39.	 Mishra, D. K. & Pandey, P. M. Mechanical behaviour of 3D printed ordered pore topological iron scaffold. Mater. Sci. Eng. A 783, 

139293 (2020).
	40.	 Cooper, K., Steele, P., Cheng, B. & Chou, K. Contact-free support structures for part overhangs in powder-bed metal additive 

manufacturing. Inventions 3(1), 2 (2018).
	41.	 Kottman, M., Zhang, S., McGuffin-Cawley, J., Denney, P. & Narayanan, B. K. Laser hot wire process: a novel process for near-net 

shape fabrication for high-throughput applications. JOM 67(3), 622–628 (2015).
	42.	 Das, S., Bourell, D. L. & Babu, S. S. Metallic materials for 3D printing. MRS Bull. 41(10), 729–741 (2016).
	43.	 De Pasquale, G., Luceri, F. & Riccio, M. Experimental characterization of SLM and EBM cubic lattice structures for lightweight 

applications. Exp. Mech. 59(4), 469–482 (2019).
	44.	 Cunningham, R. et al. Analyzing the effects of powder and post-processing on porosity and properties of electron beam melted 

Ti–6Al–4V. Mater. Res. Lett. 5(7), 516–525 (2017).
	45.	 Han, X., Zhu, H., Nie, X., Wang, G. & Zeng, X. Investigation on selective laser melting AlSi10Mg cellular lattice strut: molten pool 

morphology, surface roughness and dimensional accuracy. Materials (Basel, Switzerland) 11(3), 392 (2018).
	46.	 Sagbas, B. Post-processing effects on surface properties of direct metal laser sintered AlSi10Mg parts. Met. Mater. Int. 26(1), 

143–153 (2020).
	47.	 Echeta, I., Feng, X., Dutton, B., Leach, R. & Piano, S. Review of defects in lattice structures manufactured by powder bed fusion. 

Int. J. Adv. Manuf. Technol. 106(5), 2649–2668 (2020).
	48.	 Kang, K.-J. Wire-woven cellular metals: the present and future. Prog. Mater Sci. 69, 213–307 (2015).
	49.	 Ahsan, A.N., Ihrke, T., Khoda, B. Novel honeycomb infill fabrication pattern for additive manufacturing. In ASME 2019 14th 

International Manufacturing Science and Engineering Conference 1, 10 (2019).
	50.	 Ahasan, N., Xie, R. & Khoda, B. Heterogeneous topology design and voxel-based bio-printing. Rapid Prototyping J. 24(7), 1142–

1154 (2018).
	51.	 Ahsan, A. M. M., Xie, R. N. & Khoda, B. Heterogeneous topology design and voxel-based bio-printing. Rapid Prototyping J. 24(7), 

1142–1154 (2018).
	52.	 Ehmann, K.F., Devor, R.E., Kapoor, S.G. & Ni, J. Micro/Meso-Mechanical Manufacturing M4. In NSF Workshop. Division of Civil, 

Mechanical, and Manufacturing Innovation (CMMI) (2000).
	53.	 Chu, J., Engelbrecht, S., Graf, G. & Rosen, D. W. A comparison of synthesis methods for cellular structures with application to 

additive manufacturing. Rapid Prototyping J. 16(4), 275–283 (2010).
	54.	 O’Shaughnessy, B. & Vavylonis, D. Irreversibility and polymer adsorption. Phys. Rev. Lett. 90(5), 056103 (2003).
	55.	 O’Shaughnessy, B. & Vavylonis, D. Irreversible adsorption from dilute polymer solutions. Eur. Phys. J. 11(3), 213–230 (2003).
	56.	 Grosso, D. How to exploit the full potential of the dip-coating process to better control film formation. J. Mater. Chem. 21(43), 

17033–17038 (2011).
	57.	 Banerjee, S. & Mazumder, M.K. Adhesion of charged powders on metal surface in powder coating process. In Conference Record 

of the 1993 IEEE Industry Applications Conference Twenty-Eighth IAS Annual Meeting 3, 1897–1901 (1993).
	58.	 Ness, C., Mari, R. & Cates, M. E. Shaken and stirred: random organization reduces viscosity and dissipation in granular suspen-

sions. Sci. Adv. 4(3), eaar3296 (2018).
	59.	 Yang, L. et al. Continuous graded Gyroid cellular structures fabricated by selective laser melting: design, manufacturing and 

mechanical properties. Mater. Des. 162, 394–404 (2019).
	60.	 Olson, D. L., Siewert, T. A., Liu, S. & Edwards, G. R. ASM Handbook: Welding, Brazing, and Soldering Vol. 6 (ASM International, 

Metals Park, 1993).
	61.	 Ganjeh, E., Sarkhosh, H., Bajgholi, M. E., Khorsand, H. & Ghaffari, M. Increasing Ti–6Al–4V brazed joint strength equal to the 

base metal by Ti and Zr amorphous filler alloys. Mater. Charact. 71, 31–40 (2012).
	62.	 Deng, Y., Sheng, G., Wang, F., Yuan, X. & An, Q. Microstructure evolution and mechanical properties of transient liquid phase 

bonded Ti–6Al–4V joint with copper interlayer. Mater. Des. 92, 1–7 (2016).
	63.	 Gale, W. F. & Guan, Y. Short Communication Wide gap transient liquid phase bonding of NiAl–Hf to a nickel base superalloy. 

Mater. Sci. Technol. 15(4), 464–467 (1999).
	64.	 Queheillalt, D. T. & Wadley, H. N. G. Cellular metal lattices with hollow trusses. Acta Mater. 53(2), 303–313 (2005).
	65.	 Huang, Y., Xue, Y., Wang, X. & Han, F. Mechanical behavior of three-dimensional pyramidal aluminum lattice materials. Mater. 

Sci. Eng. A 696, 520–528 (2017).
	66.	 Chen, W. et al. Stiff isotropic lattices beyond the Maxwell criterion. Sci. Adv. 5(9), eaaw1937 (2019).
	67.	 Gibson, L. J. & Ashby, M. F. Cellular Solids: Structure and Properties 2nd edn, 186–214 (Cambridge University Press, Cambridge, 

1997).
	68.	 Li, C. et al. Architecture design of periodic truss-lattice cells for additive manufacturing. Addit. Manuf. 34, 101172 (2020).
	69.	 Maskery, I. et al. A mechanical property evaluation of graded density Al–Si10–Mg lattice structures manufactured by selective 

laser melting. Mater. Sci. Eng. A 670, 264–274 (2016).
	70.	 Maconachie, T. et al. SLM lattice structures: properties, performance, applications and challenges. Mater. Des. 183, 108137 (2019).
	71.	 Ashby, M. F. The properties of foams and lattices. Philos. Trans. A Math. Phys. Eng. Sci. 364(1838), 15–30 (2006).



16

Vol:.(1234567890)

Scientific Reports |          (2021) 11:434  | https://doi.org/10.1038/s41598-020-79826-6

www.nature.com/scientificreports/

	72.	 Moongkhamklang, P., Deshpande, V. S. & Wadley, H. N. G. The compressive and shear response of titanium matrix composite 
lattice structures. Acta Mater. 58(8), 2822–2835 (2010).

	73.	 Lee, M. G., Lee, K. W., Hur, H. K. & Kang, K. J. Mechanical behavior of a wire-woven metal under compression. Compos. Struct. 
95, 264–277 (2013).

	74.	 Sadeghian, M., Ekrami, A. & Jamshidi, R. Transient liquid phase bonding of 304 stainless steel using a Co-based interlayer. Sci. 
Technol. Weld. Join. 22(8), 666–672 (2017).

	75.	 Atabaki, M. M., Wati, J. N. & Bteldris, J. Transient liquid phase diffusion bonding of stainless steel 304. Metall. Mater. Eng. 18(3), 
177–186 (2012).

	76.	 Kapoor, M. et al. Transient-liquid-phase bonding of H230 Ni-based alloy using Ni–P interlayer: microstructure and mechanical 
properties. Metall. Mater. Trans. A 48(7), 3343–3356 (2017).

	77.	 Gonzalez, B. M. et al. The influence of copper addition on the formability of AISI 304 stainless steel. Mater. Sci. Eng. A 343(1), 
51–56 (2003).

	78.	 Di Luozzo, N., Boudard, M., Fontana, M. & Arcondo, B. Effective diffusion coefficient for Cu in steel joined by transient liquid 
phase bonding. Mater. Des. 92, 760–766 (2016).

	79.	 Liu, J.-D. et al. Microstructural study of transient liquid phase bonded DD98 and K465 superalloys at high temperature. Mater. 
Charact. 62(5), 545–553 (2011).

	80.	 Su, C. Y., Chou, C. P., Wu, B. C. & Lih, W. C. Microstructural characterisation of transient liquid phase zone of activated diffusion 
brazed nickel base superalloy. Mater. Sci. Technol. 15(3), 316–322 (1999).

	81.	 Lee, B. K., Song, W. Y., Kim, D. U., Woo, I. S. & Kang, C. Y. Effect of bonding temperatures on the transient liquid phase bonding 
of a directionally solidified Ni-based superalloy, GTD-111. Met. Mater. Int. 13(1), 59–65 (2007).

	82.	 Abdelfatah, M. & Ojo, O. A. Formation of eutectic-type microconstituent during transient liquid phase bonding of nickel: influence 
of process parameters. Mater. Sci. Technol. 25(1), 61–67 (2009).

	83.	 MacDonald, W. D. & Eagar, T. W. Isothermal solidification kinetics of diffusion brazing. Metall. Mater. Trans. A 29(1), 315–325 
(1998).

	84.	 Ojo, O. A., Richards, N. L. & Charturvedi, M. C. Effect of gap size and process parameters on diffusion brazing of Inconel 738. Sci. 
Technol. Weld. Join. 9(3), 209–220 (2004).

	85.	 Tian, J. et al. The effects of topology upon fluid-flow and heat-transfer within cellular copper structures. Int. J. Heat Mass Transf. 
47(14), 3171–3186 (2004).

	86.	 Schnell, A., Stankowski, A. & de Marcos, E. A Study of the Diffusion Brazing Process Applied to the Single Crystal Superalloy CMSX-4. 
42398, 949–961 (2006).

	87.	 Lee, J. S., Bang, W. H., Jung, J. P. & Oh, K. H. Application of TLP (transient liquid phase) bonding method to the high Tm lead-free 
solder. Mater. Sci. Forum 475–479, 1869–1872 (2005).

	88.	 Saha, R. K. & Khan, T. I. Microstructural developments in TLP bonds using thin interlayers based on Ni–B coatings. Mater. Charact. 
60(9), 1001–1007 (2009).

	89.	 Khan, T. I. & Wallach, E. R. Transient liquid phase diffusion bonding and associated recrystallization phenomenon when joining 
ODS ferritic superalloys. J. Mater. Sci. 31(11), 2937–2943 (1996).

	90.	 Khan, T. I. & Wallach, E. R. Use of sputter coatings to control parent metal dissolution during transient liquid phase bonding. 
Mater. Sci. Technol. 12(7), 603–606 (1996).

	91.	 Maskery, I. et al. An investigation into reinforced and functionally graded lattice structures. J. Cell. Plast. 53(2), 151–165 (2016).
	92.	 Neville, R. M., Scarpa, F. & Pirrera, A. Shape morphing Kirigami mechanical metamaterials. Sci. Rep. 6(1), 31067 (2016).
	93.	 Jenett, B. et al. Digital morphing wing: active wing shaping concept using composite lattice-based cellular structures. Soft Robot. 

4(1), 33–48 (2016).
	94.	 Brennan-Craddock, J. The Investigation of a Method to Generate Conformal Lattice Structures for Additive Manufacturing (Lough-

borough University, Loughborough, 2011).
	95.	 Mines, R. A. W., Tsopanos, S., Shen, Y., Hasan, R. & McKown, S. T. Drop weight impact behaviour of sandwich panels with metallic 

micro lattice cores. Int. J. Impact Eng. 60, 120–132 (2013).
	96.	 Ali, U., Karim, K. J. B. A. & Buang, N. A. A review of the properties and applications of poly (methyl methacrylate) (PMMA). 

Polym. Rev. 55(4), 678–705 (2015).

Acknowledgements
Financial supports provided by the National Science Foundation Grant # OIA-1355466 and by US-DOT # 
693JK31850009CAAP are acknowledged.

Author contributions
B.K. designed the research concept, B.K. and A.M.M.N.A. wrote the manuscript. A.M.M.N.A., A.N.S., and A.I.A. 
prepared figures, perform the experiment. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


17

Vol.:(0123456789)

Scientific Reports |          (2021) 11:434  | https://doi.org/10.1038/s41598-020-79826-6

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	3D metal lattice structure manufacturing with continuous rods
	Result
	Loose lattice joined with epoxy polymer (polymer–metal join). 
	Loose lattice joined with transient liquid phase (tlp) bonding (metal–metal join). 

	Discussion
	Method
	Joining the loose nodes with polymer epoxy. 
	Node joining with transient liquid phase (TLP). 
	Preparation of liquid carrier delivery system. 
	Solutebinder. 
	Solvent. 
	Optimizing the composition of liquid carrier delivery system. 
	Node joining in the vaccum furnace. 
	Mechanical testing. 


	Conclusion
	References
	Acknowledgements


