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Abstract
The Wire arc additive manufacturing (WAAM) process uses a metal plate as a substrate for part deposition. The presented 
work uses small pillars of cuboidal shapes arranged together to form the required deposition surface instead of a single large 
substrate. The post-processing of WAAM is arduous due to the need for the part removal from the substrate. The pillar-based 
substrate made this part removal process simpler and reduced the machining requirement. A WAAM setup was designed 
and developed in-house by integrating the gas metal arc welding (GMAW) with a three-dimensional gantry. The setup was 
utilised to deposit thin-walled metal parts over the pillar-based substrate. The online recorded temperature at the base using 
thermocouples confirmed adequate cooling between subsequent layers. The temperature of the pillar-based substrate was 
compared with the conventional substrate, which ensured proper heat dissipation. The microstructural study and hardness 
measurement of the deposited parts also confirmed that the pillar-based substrate has little effect on the part quality. The 
applications of the pillar-based substrate were further extended to demonstrate the deposition of multiple parts on a single 
substrate and part containing non-planar layers (overhanging features).

Keywords Wire arc additive manufacturing · Pillar-based substrate · Part removal · Overhanging features

1 Introduction

Additive manufacturing (AM) has evolved from a process 
previously used only for making prototypes to now being 
able to fabricate industrial application parts directly from a 
CAD model. For metal AM, commonly used feed material is 
in the form of powder and wire. The standard processes uti-
lising the metal powders are selective laser sintering (SLS), 
selective laser melting (SLM), laser engineered net shaping 
(LENS), and electron beam melting (EBM) [1–5]. The most 
preferred processes for metal wire additive manufacturing 
are the wire + arc additive manufacturing (WAAM) and 
wire + laser/electron beam additive manufacturing (WLAM 
or LHW) [6–8]. The use of wire as a raw material has many 
advantages such as ease of handling, higher catchment effi-
ciency, cost-effectiveness and its manufacturing. The mate-
rial deposition rate is also high in case of the wire-based pro-
cess hence less time consuming to build large parts [9–11]. 

A WAAM system typically uses a wire feeder, a deposition 
torch, a programmable control unit and a welding power 
source, e.g. gas metal arc welding (GMAW) [12–14], gas 
tungsten arc welding (GTAW) [15–17] and plasma arc weld-
ing (PAW) [18].

The additive manufacturing processes require a substrate 
for part deposition. The WAAM process uses a metal substrate 
as it has to be electrically conductive. In general, this substrate 
does not serve as an integrated part of the product manufac-
tured additively and needs to be separated [19]. The conven-
tional approach is to separate the deposited part by cutting it 
from the bottom. Though this approach is widely accepted, it 
also leads to loss of deposited material from the bottom of the 
part. The relative percentage loss would become significant 
if the part is shorter in height. It also requires the deposition 
of a few extra layers at the base to compensate for the loss. 
However, the tool reachability remains a matter of concern 
for large parts and would require a specific jig or fixture. Arad 
Azizi et al. [20] used graphite plate instead of metal as the 
substrate to deposit stainless steel (SS) 316L parts by selective 
laser melting (SLM) process. After deposition, it was sepa-
rated by heating at 400 °C. The graphite could also be brittle 
fractured to remove the deposited part. Hildreth et al. [21] used 
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sacrificial metal supports in case of directed energy deposition 
AM. They deposited the overhanging features of stainless steel 
over the sacrificial carbon steel which was later removed by 
electrochemical etching. For WAAM, Haselhuhn et al. [22] 
suggested that to modify the deposition parameters for the first 
layer to facilitate the part removal. It was achieved by reducing 
the input power and not supplying any shielding gas to ensure 
minimum penetration into the substrate. In another report, they 
applied thin coatings of different material combinations ( i.e. 
Aluminum oxide and Boron nitride) to weaken the adhesion of 
the deposited parts [23]. The proposed approach showed good 
potential to be adopted; however, these solutions could not be 
universal as the coatings are specific to the material properties.

The overhanging features in AM require support struc-
tures that are built along with the part. It provides a depo-
sition surface for overhanging features and minimises the 
stresses. The metal-based AM processes such as SLM, 
LENS, EBM and direct metal laser sintering (DMLS), the 
support structures are often required depending on the part 
geometry. The typical structures are lattice support, honey-
comb support, unit cell supports, etc. [24]. Achieving these 
structures would be difficult in case of WAAM due to rela-
tively bigger melt pool which leads to large bead features. 
Kapil et al. [25] minimised the need for the support structure 
by tilting the substrate with the help of five-axis deposition 
to fabricate undercuts. Panagiotis et al. [26] used positional 
welding by tilting the cold metal transfer (CMT) deposition 
torch at various angles and were able to fabricate straight 
wall with an angle ranging from 0° to 90° with respect to 
the substrate plate.

The primary objective of the substrate is to provide a 
base for the first layer as further layers would be deposited 
upon it. The presented experimental study investigates the 
pillar-based substrates to deposit metal parts and replace 
the conventional substrates to ease the part removal pro-
cess and reduce machining requirement. These pillars are 
simple vertical column similar to the pillars utilised for the 
construction of bridges. However, they were arranged in a 
two-dimensional array to achieve large deposition surface. 
The pillar-based substrate was further modified to address 
overhanging features in the object by varying pillar height. 
The conducted experiment showed the inherent potential of 
the process to fabricate complex geometries, facilitate part 
removal and minimise material wastage.

2  Experimentation

2.1  Material and Experimental setup

An additive manufacturing setup employing GMAW as a 
heat source was used to investigate the effect of the pillar-
based substrate (Fig. 1). A three-axis gantry with automated 

control stage was designed and developed in-house. The 
deposition head was mounted on the Z-axis, and the work-
piece was mounted on a fixture which provided XY move-
ments. The motion was controlled by Mach3 CNC control-
ler (CNC board and provided software). The AM system 
consisted of GMAW power source (Kemppi FastMig Pulse 
450) and a wire feeder (Kemppi FastMig MXF 65). ER70S-6 
steel wire of 0.8 mm diameter was used as the wire electrode 
(deposition material). The chemical composition is shown in 
Table 1. Argon was used as a shielding gas at a flow rate of 
10 l/min. AISI 1020 low carbon steel was used as substrate 
and pillar material.

2.2  Substrate Design

Two different approaches were adopted to design the pillar-
based substrate. The aim was to minimise the surface area 
but sufficient to accommodate the first layer (Fig. 2). The 
straight wall was deposited first to study the effectiveness of 
the approach. Figure 2a and b show the first design approach 
consisting of 3 mm sheet as the substrate and pillars of the 
same thickness. Post-deposition these thin pillars could be 
removed easily and better tool reachability could be achieved 
for part separation. However, in this case the deposition of 
three-dimensional parts such as cylinder, rectangular pipe 
etc. may not be effective. Therefore in the second approach, 
cuboidal pillars were arranged in an array to form the desired 
surface. The top cross-section of these pillars was serving as 
the deposition surface (Fig. 2c). Six different arrangement 
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of substrates were used in the presented work as described 
in Table 2.

2.3  Experimental Procedures

A single bead wall was deposited layer over layer on the 
substrates 1–4 to examine the effects of the pillar-based sub-
strates. The deposition parameters such as wire feed speed 
(wfs), deposition speed and input voltage were optimised 
and utilised for all the depositions. The temperature at the 
substrate was monitored throughout the deposition using 
thermocouples. After each layer deposition, the substrate 
was allowed to cool to a temperature of ~ 40 °C. A hollow 

cylinder and hollow square shapes were deposited on sub-
strate-5. A ‘V’ shape structure was deposited on the sub-
strate-6 to utilise the varying height of the pillars to support 
overhanging features. The utilised deposition parameters for 
all different substrates (substrate 1–6) and the typical pattern 
of the bead are presented in Table 3.

3  Result and Discussions

It was observed that the multiple layers could be deposited 
in all the four chosen substrates. The wall dimensions also 
remained consistent (height ~ 15 mm, width ~ 4 mm) for a 
constant 9 layer of deposition. The pillar-based substrate 
was not imparting any difference in the appearance of the 
deposited part. However, possible variations in mechanical 
properties among the part deposited on the different sub-
strates are analysed and discussed in succeeding sections. 
It was based on the change in microstructure, hardness and 
heat dissipation through the substrate. A marginal bending 
was observed in the pillar-based substrate specifically at the 
start and end of the deposited wall for substrate-1 and sub-
strate-2 due to weld distortions. However, such distortion 
was not observed in the case of the pillar-based substrate 
(i.e., substrate-3). Figure 3 shows the cross-sectional view 
of the deposited walls for pillar-based and solid substrate 
(substrate 3 and 4). The surface roughness of the deposited 
wall was also measured using the cross-section images. The 
average surface roughness, Ra was found to be 0.34, 0.21, 
0.13 and 0.15 mm for the walls deposited on substrate 1–4, 
respectively. These surface roughness lies in similar ranges 
as found in literature for WAAM process [27].

3.1  Bead Geometry Optimisation

The deposition parameters responsible for sound bead, i.e. 
input voltage, wire feed rate, and deposition speed, were 
optimised by analysing the bead geometry. It was ensured 
that the chosen parameters would produce a bead free from 
defects, e.g. micro-cracks, blowholes, and inclusion of spat-
ter. AISI 1020 sheet of 3 mm thickness was used as the 
substrate. The other parameters, such as gas flow rate and 
stand-off distance (SOD), were kept constant at 10 l/min 
and 4 mm, respectively. The deposition travel speed was 
kept constant at 0.3 m/min as increasing the speed further 
caused a discontinuous bead. Beads were deposited for three 
different wire feed rates, i.e. 3.0, 3.5 and 4.0 m/min at volt-
age varying from 16–23 V.

Table 1  Chemical composition 
of low alloy steel (ER70S-6)

Elements C Mn S Si P Cu Cr Ni Mb V

Composition, wt % 0.09 1.6 0.007 0.9 0.007 0.2 0.05 0.05 0.05 0.05
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(Top view) (Front view)
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view)
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Fig. 2  a Substrate-1: Pillar-based substrate with pillar height of 
10  mm, b Substrate-2: Pillar-based substrate with pillar height of 
17 mm, c Substrate-3: Pillar-based substrate, with pillars forming the 
deposition surface, d Substrate-4: Solid substrate of height 18 mm, e 
Substrate-5: Pillar-based substrate arranged in a 2-D matrix of 10 × 10 
pillars, f Substrate-6: Pillar-based substrate of varying height to sup-
port overhanging features
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It was observed that the deposition voltage has a 
direct effect on bead geometry. Bead width was found to 
increase with the increase in voltage, while bead height 
remained in a similar range (Fig. 4). At higher voltage, 
the produced heat would be higher, which melts more 
amount of material, resulting in a bigger melt pool size. 
Figure 4 shows that the bead width and height for 3.0 m/
min wire feed rate was less than at 4.0 m/min. It indi-
cates that increasing the wire feed rate increases the bead 
width and height, as more material input would increase 
the cross-section area of the deposited wall. The bead 
dimensions were chosen as small as possible to increase 
the dimensional accuracy of deposited objects. The wire 
feed rate of 3.5 m/min at a voltage of 17 V was selected 
for the presented work. Also, less heat input in the case of 
17 V was beneficial to prevent the substrate from thermal 
distortion or bending.

3.2  Online Temperature Monitoring at the Base

The online temperature monitoring was conducted to 
examine the heat dissipation efficiency of pillar-based 
substrate utilised for the WAAM process. It was meas-
ured using a K-type thermocouple. A data logger (model: 
Agilent 34972a) with multiplexer (model: Agilent 34901a) 
was used for acquiring the temperature data. Both the 
heating and cooling cycles were measured at a distance 
of ~ 5 mm below the deposition surface for the substrate-1 
to substrate-4, for the straight wall deposition. The temper-
ature was recorded at three different locations, i.e. at the 
beginning (~ 5 mm from the onset of deposition), mid and 
at the end (~ 5 mm before the endpoint) of the deposited 
wall. Figure 5 shows the recorded temperature variations, 
where each peak represents the deposition of a layer.

Table 2  Description for the substrate design

Substrate Description

1 It was made of a 150 mm long and 10 mm wide mild steel sheet of 3 mm thickness. The sheet was attached with rectangular pillars 
(by resistance spot welding) of the same metal sheet having dimensions of 13 mm × 10 mm × 3 mm, as shown in Fig. 2a. This 
substrate assembly was mounted on a holding fixture for the deposition. The side surface of the pillars was in contact with fixture 
up to the depth of 9 mm, providing the path for heat dissipation

2 It was similar to substrate-1, with a longer pillar length of 17 mm. Due to its length, the bottom surface of the pillars also came in 
contact with the base plate (Fig. 2b). In this way, all three surfaces of the pillar were in contact with the fixture and base. There-
fore, the conductive heat transfer was expected to increase as the contact surface area increased

3 This substrate design consisted of cuboidal pillars of height 18 mm and cross-Sect. 8 mm × 8 mm fixed side by side to form the 
deposition surface, as shown in Fig. 2c

4 The conventional solid substrate was also used to have a comparative study by observing any possible variations in properties of the 
deposited part that might have caused due to the above pillar-based substrates. The dimensions of the conventional substrate were 
kept similar to pillar-based substrates, i.e., 18 mm height, 150 mm length and 10 mm width (Fig. 2d)

5 Cuboidal pillars were arranged in a square array of 10 × 10 pillars to deposit three-dimensional parts. Each pillar had a height of 
18 mm and the top surface area of 10 × 10  mm2, which made the total surface area available for deposition equal to 100 × 100  mm2 
(Fig. 2e)

6 The pillars of varying height having the same cross-section area was used to demonstrate deposition of a part with overhanging 
features (non-planar layers, Fig. 2f). V-shape was chosen for the purpose

Table 3  Weld parameters for 
various depositions

Deposition speed = 0.3 m/min, Stand-off distance = 4 mm, Shielding gas flow rate = 10 l/min, *V = Voltage, 
wfs = wire feed speed (m/min), N. = number of layers

Substrate V Wfs N Remarks Average current (A) Energy (kJ/mm)

Substrate-1 17 3.5 9 Wall deposition 59–59.5 0.16–0.162
Substrate-2
Substrate-3
Substrate-4
Substrate-5 21 3.5 25 Cylinder part 66.2–68.2 0.22–0.229
Substrate-5 30 Square part
Substrate-6 15 V-shape
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It was observed that the temperature rose quickly to its 
peak and then cooled down slowly for each layer of the 
deposition. The peak temperature was observed decreasing 
with each subsequent layer. It could be due to an increase in 
distance between the deposition surface and measurement 
point at the base, hence the heat dissipation by conduction 
reduces and the convection + radiation heat dissipation 
increases [28]. The similar trend of temperature variation 
was observed for all four types of substrates. It was noted 
that the recorded peak temperatures were relatively higher 
in the case of the pillar-based substrate as compared to the 
conventional solid substrate (substrate-4). A similar trend 
was observed for all three different locations of the tempera-
ture measurement (Fig. 5). The possible reason could be the 
availability of a large mass in the case of the conventional 
substrate, which allows the heat to dissipate relatively faster. 
The substrate-1 was found to be most inefficient in heat dis-
sipation as it took the maximum time to cool. The bottom 
surface of the pillars was not in contact with the base fixture, 

possibly resulting in reduced heat dissipation. In the sub-
strate-2 and substrate-3, the pillars were in contact with the 
base fixture allowing the heat to dissipate relatively faster. 
It was also evident from the shifting of the cooling curve 
towards the left in all three measurement locations. The 
conducted experiment shows that the pillar-based substrate 
could be considered equally effective in heat dissipation as 
compared to the conventional solid substrate.

3.3  Microstructural Study

For analysing the microstructure, samples were taken from 
the mid regions of the deposited wall. The standard metal-
lography procedure was followed to prepare the samples. 
The microstructural analysis was performed using an opti-
cal microscope (Leica, DM ILM), and the grain sizes were 
measured using ImageJ software. The microstructure of the 
deposited wall followed the typical pattern of a multilayer 
weld deposition. In general, the Widmanstätten structure 
forms in the single-pass bead welding [29]. In the AM pro-
cess, the deposited wall undergoes through multiple heating 
and cooling cycles due to layer by layer deposition. There-
fore, only the top region retains the Widmanstätten structure, 
and the remaining region gains the normalised weld struc-
ture. Baufeld et al. [30] also observed coarsening of grains 
due to repeated heating, except for the top region.

Table 4 shows the observed microstructure of the depos-
ited wall for three different regions, i.e. bottom, middle 
and top. The grain size was approximately from 2 to 9 µm, 
below 5 µm is referred here as finer and above as coarser. 
The microstructure in the middle and top regions appeared 
similar in all the cases, i.e. grains were coarse in the mid-
dle regions (6.95–8.7 µm) and relatively finer in top regions 
(2.03–4.25 µm). In the bottom regions, the grains were 
formed coarse in case of substrate-1 and 2 (7.4 and 6.41 µm). 
However, in the case of substrate-3 and 4, the microstructure 
was found finer (5.25 and 2.03 µm) as compared to the other 
two substrates. These microstructural variation could be the 
result of the difference in cooling rate associated with the 
individual substrates. In general, the microstructure associ-
ated with high cooling rate yields finer grains as compared 
with low cooling rate [31]. The finer microstructure found 
in the case of bottom layers of substrate-3 and 4 could be 
the outcome of high cooling rate due to bulk mass at the 
substrate.

3.4  Micro Indentation Hardness Study

The micro indentation hardness (Vickers hardness, model: 
UHL VMHT) study was performed across the height of the 
deposited wall. The applied load was 100 gf for a duration 
of 15 s. The top regions of the deposited wall showed rela-
tively more hardness as compared to the middle and bottom 

Wall height = 14.30 mm 
Single layer height = 1.59 mm 

Wall height = 14.53 mm 
Single layer height = 1.61 
mm 

)

0

2

4

6

8

10

12

14

16

0 2 4 6 8

W
al

l h
ei

gh
t (

m
m

)

Cross-sectional width 
(mm)

Ra left = 0.14 mm
Ra right = 0.13 mm
Average Ra = 0.13 mm

0

2

4

6

8

10

12

14

16

0 2 4 6 8

W
al

l h
ei

gh
t (

m
m

)

Cross-sectional width 
(mm)

Ra left = 0.11 mm
Ra right = 0.19 mm
Average Ra = 0.15 mm

(a) (b)  

(d)(c

Fig. 3  The cross-sections of the single bead wall deposited on a pil-
lar based and b solid substrate surface profile for c pillar-based and d 
solid substrate



1316 International Journal of Precision Engineering and Manufacturing (2021) 22:1311–1321

1 3

regions. The similar trend was observed for both pillar-based 
substrate and the solid substrate. The hardness of the depos-
ited walls was found to be varying in the range of 180–240 
HV (Fig. 6). This variation in hardness could be because of 
the change in the microstructure discussed in the preced-
ing section. In general, the finer grains yield relatively more 
hardness as compared to coarser grains, e.g. the top regions 
had finer grains imparting more hardness than the bottom 
and middle regions, which had a coarser grain (Table 4). 
Substrate-1 was not considered for this study for its similar-
ity with substrate-2.

3.5  Effectiveness of Pillar‑Based Substrate in Part 
Removal and Reducing Material Wastage

The experiments were further extended for the fabrication 
of two-dimensional structures on the substrate-5 (Fig. 7). 
Figure 7a shows the substrate assembly by two-dimensional 
fastening through nut and bolts in two perpendicular holes 
made in the pillars. The mechanical fastening ensures that 
the assembled pillar-based substrate would act similar to 

the solid substrate during the deposition. The actual sub-
strate used is shown in Fig. 7b. Figure 7c shows the two 
parts selected for the deposition, i.e. a hollow cylinder of 
diameter 100 mm and a square part of side 50 mm. Here the 
cylinder was deposited first and then the square part inside 
it. However, alternate methods could also be used, such as 
depositing both the parts simultaneously, layer by layer, and 
depositing the square part first and then the cylinder. The 
appropriate method could be chosen depending upon part 
geometry, ensuring the deposition head must reach in the 
selected regions.

Since the parts were hollow, they could be deposited on 
the same substrate. Both parts were deposited using the opti-
mised parameters. Negligible deformation in the substrate 
was observed. After deposition, both the parts were easily 
disassembled from the substrate. As the substrate was tem-
porarily assembled, it was separated without any machining. 
The deposited part obtained had pillar substrates attached 
only at the part boundary (Fig. 7d and e). In this case, the 
removal and finishing were much easier as compared to a 
part deposited on a conventional substrate. Deposition of 

Fig. 4  a cross-section images 
of beads deposited at different 
voltage and wire feed speed, b 
Variation of the bead width and 
height with the input voltage for 
different wire feed rates
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two parts, one inside another, and their easy separation 
shows the effectiveness of pillar-based substrate in utilising 
the deposition area more adequately. The pillar substrates 
left unused or not representing the cross-section of the base 
of the part fabricated were available for reuse (Fig. 7f). Simi-
lar combinations of multiple cuboidal pillars could be made 
to form the desired deposition surface.

Cost comparison for part separation and finishing was 
carried between the pillar-based and solid substrate. The 
pillar-based substrate was found to be approximately 75% 
effective in terms of cost when compared with solid sub-
strate. It was calculated in terms of direct labour, mate-
rial and energy for part separation and finishing. The part 
separation was found to be differentiating the two process 
significantly, whereas finishing requirement would remain 
the same.

Fig. 5  Temperature pattern 
during wall deposition for 
Substrate-1 to Substrate-4 at a a 
distance of 5 mm from the start 
point, b the middle, and c a dis-
tance of 5 mm before endpoint
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3.6  The Pillar‑Based Substrate to Support 
Overhanging Features

Support structures are often required to deposit an overhang-
ing feature. The pillar-based substrates could also be utilised 
to support the overhanging portion of the part by employ-
ing pillars of different geometrical aspects depending on the 
part geometry. In this study, a simple ‘V’ shaped structure 
with a slope of 20° was chosen for the demonstration. It 
could be achieved by using the cuboidal pillars of varying 
heights, as shown in Fig. 2g (substrate-6). Here, the chosen 

cross-section of the pillars was 8 × 8 mm, with the height 
varying from 15 to 33 mm in steps of 3 mm. Deposition on 
this up and down slopes shows the capability of the pillar-
based substrate to make overhanging features. The pillars 
reduced the requirement of any additional support struc-
tures as the substrate could act as the needed support. This 
approach may not be limited to axis-symmetric parts and 
requires only 3-axis motion to deposit complex geometries. 
Similarly, the cross-section area of the pillar and step height 
could be varied to achieve the desired bead dimensions and 
overhanging feature.

During the deposition, it was observed that the downward 
slope showed uniform deposition, and the upward slope 
showed relatively non-uniform deposition (Fig. 8a). The 
difference in downward and upward slope deposition could 
be because of the fluidity behaviour of the molten metal 
under the arc pressure and the acting gravitational force. 
In the case of the downward slope deposition, these forces 
carried the molten metal backward against gravity. Whereas 
in the case of upward slope deposition, it acts to bring the 
molten metal further downward. This particular behaviour 
of the deposition was initiated from the initial layer, which 
was further propagated. From Fig. 8a, it could be seen that 
the molten metal was reaching in the pillar step corners for 
downward slope, resulting in a uniform deposition. However, 
the step corners were almost left from receiving any mate-
rial in case of the upward slope. It resulted in a non-uniform 
deposition for the upward slope. However, it can be nullified 

Table 4  Comparison of the microstructure of the deposited wall on different substrates in various regions
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by following the deposition strategy of changing the start 
point of deposition in alternate layers. The deposited part is 
shown in Fig. 8b. Figure 8c shows the height of each layer 
after deposition and verifies the same height at the start and 
endpoint. The step height for overhanging deposition may 
need to be optimised depending on geometrical features. 
In order to enhance the dimensional accuracy, lesser step 
height, and step size (cross-section area of a pillar) could be 
used. Based on this experimental investigation, it could be 
proposed that the approach would be equally applicable for 
other AM processes irrespective of utilised material form 
(powder or wire) and fusion sources such as the laser, elec-
tron beam and arc.

4  Conclusion

An approach called pillar-based substrate has been success-
fully demonstrated to facilitate easy part removal in WAAM. 
The cuboidal pillar (substrate-3) performed better among 
the different design approaches when compared with the 
conventional substrate. It was confirmed by analysing the 

temperature profiles measured at the substrate, the micro-
structural study and the hardness test. In the pillar-based 
substrate, the cooling time was found to be in similar ranges 
while the peak temperatures were relatively higher than the 
solid substrate. It shows the proposed substrate is equally 
capable of dissipating the generated heat. The microstruc-
tural study revealed that the grain structure patterns were 
consistent, i.e. finer at the top regions, coarser at the bottom 
and middle regions. The measured micro indentation hard-
ness was found to be in the range of 180–240 HV, where 
the top region always yielded relatively higher hardness for 
all the cases. Since the properties of the parts deposited on 
the pillar-based substrate were analogous with that on the 
conventional substrate, it was assured that pillar-based sub-
strate could be reliably used with little effects on part quality. 
Further, the pillar-based substrates were arranged in an array 
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Fig. 7  a CAD model representing the pillar-based substrate assembly 
consisting of four pillars, and pictorial view of b pillar-based sub-
strate fastened to form a square surface, c hollow square and cylin-
drical parts deposited on the substrate, d and e disassembled parts, f 
remaining pillars available for reuse after the part separation
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to form the larger surface area. The deposition of a hollow 
cylinder and a square part was demonstrated on the same 
substrate and disassembled without any machining. The pil-
lars that were remained intact from receiving any deposi-
tion or not representing the cross-section of the base of the 
deposited part can be reused. The deposition of overhanging 
features was also successfully demonstrated by varying the 
pillar heights. The approach showed good potential to facili-
tate ease of part removal, minimise material wastage and act 
as an effective support mechanism.
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