
Journal of Manufacturing Systems 44 (2017) 65–78

Contents lists available at ScienceDirect

Journal  of  Manufacturing  Systems

j ourna l h omepage: www.elsev ier .com/ locate / jmansys

Technical  Paper

Optimization  of  process  planning  for  reducing  material  consumption
in  additive  manufacturing

Yuan  Jin a,∗,  Jianke  Du a,  Yong  He b

a School of Mechanical Engineering and Mechanics, Ningbo University, Ningbo 315211, China
b School of Mechanical Engineering, Zhejiang University, Hangzhou 310027, China

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 31 October 2016
Received in revised form 2 May  2017
Accepted 9 May 2017

Keywords:
Additive manufacturing
Material consumption
Sliced data
Self-support
Skeleton-based path

a  b  s  t  r  a  c  t

The  emergence  of Additive  Manufacturing  (AM)  technologies  brings  in  the reduction  of  material  con-
sumption  in  terms  of avoiding  the  repeated  fabrication  of  dies  as  well  as comparatively  high material
efficiency.  However,  despite  of  widespread  application  and  evident  advantages  over  conventional  manu-
facturing  techniques,  AM  still  suffers  from  long  lead  time  and  redundant  material  usage  when  fabricating
large-volume  solid  objects.  This fact would  definitely  restrict  the  diffusion  of AM  technology.  Based  on
this,  a design  strategy  is  proposed  in this  paper from  the  perspective  of process  planning  focusing  on
the  material  consumption  in  additive  manufacturing  of  relatively  large-volume  solid  parts.  Instead  of
processing  the digital  models  directly,  the sliced  data  of  digital  models  is  adopted  for  the  design  and  opti-
mization,  and finally  outputting  the paths  driving  the AM  machine  to realize  the  practical  fabrication.
The  sliced  contours  of  the  model  are  obtained  based  on a  given  layer  thickness  at  first.  Subsequently,  the
areas to be  filled  on each  layer  are  determined  according  to the  input  contours  and  the  self-supporting
capability  of  the  material.  The  interior  regions  confined  by the  generated  internal  contours  do  not  need
to be  filled  necessarily  because  they  have  no  effect  on  the  parts’  geometry  and  the  materials  can be
saved  accordingly.  At  last, a skeleton-based  path  planning  method  is utilized  to  address  the long and
narrow  geometry  to  improve  the  deposition  performance  and  surface  quality.  Several  tests  are  used  to
verify  the  proposed  strategy  and  the  results  show  its effectiveness  and  feasibility  in  reducing  the  material
consumption,  enabling  AM  to  be  a more  environmental  friendly  and  sustainable  manufacturing  method.

©  2017  The  Society  of  Manufacturing  Engineers.  Published  by Elsevier  Ltd.  All rights  reserved.

1. Introduction

Additive Manufacturing (AM), also referred to as Rapid Pro-
totyping, Solid Freeform Fabrication, Layered Manufacturing, or
3D printing more popularly, has been utilized in an increasingly
variety of industries, including the fabrication of prototypes and
functional parts in both biomedical and manufacturing fields. AM
is a family of technologies that are capable of fabricating parts by
joining and building up material with a layer-by-layer paradigm.
The biggest advantage of this emerging technology is the ability to
build parts directly from the digital representation of models with-
out any geometrical limitations that enables AM to be an excellent
alternative compared to conventional manufacturing techniques
like machining, injection molding, and die-casting for fabricating
highly customized objects [1]. There are a wide range of materials
that are applicable in AM currently, such as metal, plastic, ceramic,
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or composite materials with different forms, like powder, filament,
or liquid. Based on the used materials and forming processes, seven
categories are classified by ASTM International Committee F42:
material extrusion, material binding, binder jetting, sheet lamina-
tion, vat photo-polymerization, powder bed fusion and directed
energy deposition [2]. Although the joining details and the form-
ing equipments of different AM categories vary from each other
dramatically, they share the same fundamental forming principle:
all parts are built along a single deposition direction(bottom up or
top down)with a layer-by-layer joining process. The characteristics
of AM make it inherently suitable for building parts with complex
geometry and structure in relatively small volumes. But fabricating
parts with quite large volumes can be very time consuming since
much time is spent on filling the interior areas of each layer and the
number of layers is commonly very large to ensure the desirable
fabrication accuracy and resolution.

Current researches on AM are mainly focusing on two aspects:
one is the new forming technique and material [3–6], and the
other is the process planning [7–9]. Process planning refers to sev-
eral techniques and methods of transforming the digital model to
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the final part, including the CAD file processing [10], orientation
selection [11], support generation [12], slicing [13], path genera-
tion [14], and post-processing [15]. All of these steps are critical in
affecting the part quality and fabrication efficiency. Many works
have been done from the process planning to improve the part
quality which has long been criticized compared to conventional
machining methods and is the major concern when extending the
industrial applications. On the other hand, some researchers aimed
to decrease the build time via some optimizations in the process
planning, such as reducing the volume of support structures, adap-
tively slicing to reduce the number of layers, or intelligent path
planning. However, few studies, so far, have tried to enhance the
AM technology in terms of reducing the material consumption,
which belongs to the process sustainability [16].

Based on the analyses from the perspective of life cycle, the
adoption of AM could have significant savings in the production and
use phases of a product [17]. The savings in the production stage
stems from reduced material inputs and shorter supply chains than
traditional machining methods. In the use phase, additively fabri-
cated lightweight components enable energy consumption to be
reduced. Despite of these advantages, the material waste is still a
concern among different AM categories. For example, fabricating
parts with overhanging features using Fused Deposition Modeling
(FDM) or SLA tends to generate waste in the form of support struc-
ture, which is required for successful fabrication of the part, while
to be removed in the post processing. Besides, a large volume of
material is used for filling the interior of solid parts, but its func-
tion is not as significant as that in forming the surface boundary.
This part of material, therefore, can be saved on the basis of accept-
able geometrical accuracy and mechanical strength. The aim of this
work is to optimize the material consumption for AM via some
methodologies in the process planning.

As mentioned before, process planning serves as a bridge
between digital models and machines by transferring the models
into codes that can guide and control the hardware. The pro-
cess planning of different AM technologies usually has similar
procedures and mainly consists of four steps: orientation selec-
tion, support generation, slicing and path planning. Each step
affects the material use from different aspects and the details are
demonstrated in Fig. 1 taking a dumbbell as an example. The part
orientation refers to the location and direction of the part to be
sliced and deposited. Besides the influence on the number of sliced
layers and build time, a suitable part orientation can improve the
part accuracy and surface finish by affecting the orientation of sur-
faces and support structure required for building the part [18]. In
this step, the required volume of support structures is the major fac-
tor affecting the material consumption. Based on the determined
orientation, overhangs are recognized to generate support struc-
tures that would be removed in the post processing phase [12]. In
the support generation, several technical factors should be taken
into account, such as material consumption, build time, and surface
roughness. As intelligent design of support structures can reduce
the required materials, it has become a future direction of AM tech-
nologies [19,20]. Additionally, more flexible and robust support
generation approaches are required as the objects to be fabricated
become increasingly complex and complicated. Afterwards, a slic-
ing procedure is applied on the model with a set of paralleling
planes that are perpendicular to the part orientation being adopted
to intersect with the model, and the intersected boundaries on the
part surface are obtained. The slicing process has little effect on
the material consumption since the only related parameter, layer
thickness, only affect the number of sliced layers. Path planning is
another crucial task in AM to generate the trajectory for deposition
work based on the interior filling requirements [21]. Different types
of path patterns have been developed and would bring in varying
material usage. However, these path patterns are invented mainly

from the view of improving the deposition quality and enhanc-
ing the fabrication efficiency, while the influence on the material
consumption is commonly ignored.

Although the issue of material waste belongs to the process
sustainability and some literatures are available on AM from sus-
tainability point of view, there has been little research on the
optimization of material use in the AM process. [16] pointed out
that material waste is very prominent in laser-based AM devices
such as selective laser sintering and direct metal laser sintering and
they built a mathematical model to quantify the material wastage
in the fabrication process. In the optimization of material usage
with their established model, the surface quality and geometrical
accuracy were additionally considered. [22] presented a method
to save materials by optimizing internal lightweight structures of
additively fabricated parts, and to improve the process efficiency by
optimizing AM process parameters. [23] explained that it was not
the reality in the powder-based AM process that the unfused pow-
der could be reused completely and an amount of material would be
wasted in fact. To improve the material efficiency, they adopted two
different kinds of nozzle with different efficiency. [24] built a layer
deposition system with a passive visual sensor and an improved
self-learning neuro control of deposition bead width to decrease
the material wastes in gas metal arc welding–based AM process.
The visual sensor was  used to capture the weld bead images and
some processing algorithms were applied on the images to pick up
the characteristic information. After that, the controller was  to keep
the deposited bead widths of various layers consistent. The method
proposed by them could bring in more than 10% reduction in the
material consumption compared with the open-loop control sys-
tem. To the best of our knowledge, no literature has been published
so far about the optimization of material consumption by means of
improving the process planning of AM.

Besides the sustainable effect, the reduction of employing mate-
rials can accordingly shorten the build time that is also important
for the enhancement of AM technology. So, it is not only meaningful
but also necessary to have some effective methods and strategies
to optimize the material consumption in AM process. This paper
focuses on the reduction of materials with some strategies in the
process planning phase by fully considering the technical charac-
teristics of AM,  mainly for the fabrication of large-volume solid
parts. Current practice in building solid objects usually uses sparse
filling paradigm to fill the whole interior and a large amount of
materials are adopted even though they have no specific function
under some circumstances. To deal with this issue, a design strat-
egy applied in the process planning to reduce the material for AM
processes is proposed. In the present strategy, the sliced layers are
used to obtain the areas to be filled based on the input contours
of each layer and the self-supporting capability of the material is
fully considered. Afterwards, a skeleton-based path is utilized to fill
the obtained long and narrow regions. By integrating the proposed
strategy in the process planning stage, large amount of materi-
als can be saved at little expense of physical performance, such as
mechanical strength and part integrity. Among different AM pro-
cesses, the extrusion-based AM is chosen for easy illustration in
this paper, and it can be easily extended to other types of AM pro-
cesses with a few modifications based on the detailed technical
characteristics.

The structure of this paper is arranged as follows. In Section 2,
the details of the proposed strategy are described, including three
subsections. The first subsection introduces the self-supporting-
based strategy to reduce the internal filling volumes; the second
subsection presents the implementation of the proposed strategy
with sliced data of the model; and the last subsection is about a
novel filling path pattern for depositing the obtained areas with
long and narrow geometry. Section 3 demonstrates some tests of
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