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Abstract

Additive manufacturing meets the demand for highly customized and flexible production. However, the physical limitation of the material

application rate causes that large volume production of such workpieces is not attractive yet. In order to push additive manufacturing towards

large volume production, the impact of this limitation has to be minimized while the advantages have to be maintained. For this purpose, it is

proposed in this article to combine partial additive manufacturing with other production technologies. In such a production concept, standardized

base workpieces are made in large volume production first and then finalized by additive manufacturing. The finalization step adds the variant

specific key features to the workpiece. This proposal is detailed by discussing the suitability of specific workpieces and outlines of the processing

route. An experimental feasibility study of this principle is reported, where Fused Deposition Modeling is used to add geometric features to a base

workpiece. This case study includes the development of a robot-based setup for the deposition of material with 6 degrees of freedom. This case

study is used to illustrate and discuss the fundamental aspects of the conjunction of additive manufacturing with other production processes.
c© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction

This article is concerned with the conjunction of additive

manufacturing with other manufacturing processes. The mo-

tivation for this research arises from the fact that, despite the

large interest in academia and industry, additive manufactur-

ing techniques have not yet reached medium to high volume

production [1]. The deployment in such scenarios is inhibited

by the insufficient productivity of additive manufacturing pro-

cesses, which is limited physically by the material deposition

process. This insight triggers the research into partial additive

manufacturing, meaning that only a portion of a specific work-

piece is generated by additive manufacturing while the remain-

der is created by other processes.

In this article, such partial additive manufacturing concepts

are analysed and aggregated to a more general proposal. This

proposal combines subtractive, additive and joining processes,

such that a contribution towards a fundamental understanding

of manufacturing concepts with partial additive manufacturing

is made. For this purpose, an abstract concept for a manufactur-

ing chain and a relevant workpiece design are elaborated. The

concept is named Incremental Manufacturing, which refers to

the core idea to manufacture workpieces in small increments.

The deposition of material on a pre-shaped workpiece is a

crucial piece of technology towards the combination of Addi-

tive Manufacturing with other processes. This aspect is elab-

orated in a case study which considers a robot-guided fused

deposition modeling head to add geometric features on a non-

plain surface. This experiment setup is used to investigate path

planning algorithms and practical issues involved with Incre-
mental Manufacturing.

The article is organized as follows. In Section 2, partial addi-

tive manufacturing and hybrid manufacturing machines, which

integrate multiple manufacturing processes are reviewed. Sec-

tion 3 contains the proposal for Incremental Manufacturing and

outlines an example product to be produced by such a system.

Section 4 reports a case study, where additive finalization is

implemented into a robot cell. Experiments are conducted, dis-

cussed, and lessons learned are stated. Section 5 concludes this

article.

2. Related Work

In order to lay out the foundation for this article’s contri-

bution, this section provides an overview of technologies and

machines of relevance for partial additive manufacturing. Be-
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sides additive manufacturing, this covers machines with multi-

ple processes, so-called hybrid manufacturing machines.

The economic perspective of additive mass manufacturing

is approached by Berman [2]. A number of existing business

cases are analysed, such as on-demand manufacturing for spare

parts or custom parts. Other business cases rely on the fact that,

by employment of additive manufacturing, production and de-

sign planning can be separated. If such business models could

be extended by new flexible production technologies, further

growth is to be expected. Thus, the conjunction of additive

manufacturing with other production technologies, which is an

objective of this article, will be a driver for new business mod-

els.

The technological perspective of additive manufacturing

processes is reviewed extensively by Gao et al. [1]. This re-

source attenuates the hope stated above and formulates major

remaining challenges in the field of mass manufacturing. This

refers particularly to the material deposition rate and the work-

piece quality. Another review is given by Bikas et al. pointing

out main research achievement in the field of modelling ad-

ditive manufacturing and identifying remaining research gaps

such as verified modelling methods to control the deposit pro-

cess [3]. Nevertheless, these resources help with the choice

of additive manufacturing processes to be included in develop-

ments of partial additive manufacturing processes. As such, it

is a technological basis for the work behind this article.

Hybrid manufacturing machines combine multiple produc-

tion processes in one set-up [4] to enhance manufacturing qual-

ity, tool life and processing speed compared to a single pro-

cess [4]. More specifically, hybrid manufacturing machines

with additive manufacturing equipment are designed to over-

come the limitations of pure additive manufacturing. Mostly,

this is devoted to increase the surface quality, which, for exam-

ple, can be found in the machine Eclipse-RP [5]. This machine

combines additive and subtractive manufacturing in one set up.

First, there is laminated object manufacturing (LOM) for addi-

tive manufacturing, which builds up a workpiece from a stack

of bonded sheets. Second, the machine features a milling sys-

tem, which shapes the contour of the workpiece [5]. Executing

an alternating sequence of these processes, the machine builds

up a workpiece in an iterative sequence. This is considered

a relevant preliminary concept for partial additive manufactur-

ing, since geometric features are added and removed iteratively.

Having this concept in mind, there remains the task to overcome

the limited material deposition rate, in order to maximize value

creation over time. This objective is considered in the proposal

stated below.

Partial additive manufacturing requires material deposition

on a pre-shaped workpiece. This means that arbitrary spatial

movements of the deposition process have to be realized. In

contrast, current additive manufacturing machines are mostly

limited to a 2D-layer based material deposition process. This

is due to machining restrictions or process limitations, which

is why this cannot be easily adapted for partial additive man-

ufacturing. In order to overcome this limitation, suitable pro-

cesses, suitable kinematics and suitable machine job represen-

tations have to established.

The required machine job representation in partial additive

manufacturing has been approached by Yong Chen and his re-

search group [6–8]. This research concerns, among other top-

ics, layerless additive manufacturing processes and its visual-

isation in a CAD system. It incorporates CNC accumulation

[6] to build features on top of the workpiece surface [7]. The

process is demonstrated with a machine for multi-directional

additive manufacturing by Song et al. [8]. The automated path

planning used by this research group uses slicing algorithms

that work in 2D or spatial path planning algorithms. The exten-

sion of such algorithms to non-planar slicing surfaces remains

to be shown by research.

In summary, considerable research has been carried out to

combine additive manufacturing with other manufacturing pro-

cesses. Major challenges are still remaining in order to establish

such conjunctions for larger series production. The first chal-

lenge to be discussed further is to define a production system

with multiple machines such that it is flexible but remains pro-

ductive. The second challenge is to gain a deeper technological

knowledge about partial additive manufacturing. This means

that the workflow to design the workpieces and to derive the

production plan has to be elaborated in order to maximize its

efficiency. It is proposed to employ robot-guided technologies

for additive manufacturing tasks of high geometric complexity

to cope with this task.

3. Incremental Manufacturing, a Proposal to Integrate Ad-
ditive Manufacturing with Other Processes

In order to push additive manufacturing towards large vol-

ume production, it is proposed to combine partial additive man-

ufacturing with other production technologies. In such a pro-

duction concept, base workpieces are made in large volume

production first and then finalized by partial additive manufac-

turing. This section discusses partial additive manufacturing in

its role as additive finalization process. Afterwards, this step

is generalized and formulated as a new kind of manufacturing

concept called Incremental Manufacturing.

In partial additive manufacturing base workpieces are pro-

vided by manufacturing processes which are more productive

than additive manufacturing. The base workpiece reduces the

amount of features to be created by partial additive manufactur-

ing. This means that only variant specific features are created

by additive manufacturing.

Such a design optimisation is feasible in cases where the in-

dividualized workpieces out of a variant family differ only in

a few key features. The result is that the additive material de-

position is minimized while the geometrical flexibility of the

workpiece variant design is maintained. This allows for cost-

effective production of the base workpiece while the finished

workpiece retains the characteristic features of an individual-

ized workpiece. Such base workpieces can already have a high

geometric complexity depending on the extent of differences

between the individual variants.

The additive finalization of these complex geometries re-

quires a production process which is capable of additive man-

ufacturing on 3D-shaped surfaces. Such a process, in turn,

requires a deposition device with higher degree-of-freedom

(DOF) compared to conventional 3-axis printers. This aspect
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is elaborated in the case study below.

3.1. Incremental Manufacturing

It is proposed to embed partial additive manufacturing into

a holistic approach for the design of production systems.This

considers, for example, modular systems and flexible material

transportation. The combination of additive finalization with

the principle of modular systems and conventional subtractive

production and joining technologies paves the way to Incre-
mental Manufacturing, a generalization of the additive final-

ization concept. The main idea of Incremental Manufacturing

is to build products by a procedure of discrete production in-

crements. Each increment comprises one particular production

step applied to the semi-finished workpiece. In this sense, a

workpiece evolves in a sequence of additive, subtractive and

joining processes. The challenge is to find and control a pro-

duction route where products can be manufactured in a cost ef-

ficient way with high variation and production rates that range

between one piece and individualized large volume production.

3.2. A Product Design Example

Figure 1. Design of a Gear housing build with additive finalization. (A) sheet

metal frame, (B) polymer housing, (C) ribbing, (D) extension, (E) sealing, (F)

cover

In order to illustrate how product design could be influenced

by Incremental Manufacturing, a family of gear housing vari-

ants is considered as an example. This example consists of two

variants for different performance requirements, in order illus-

trate the advantages of this technology. One variant is designed

for high torque and one for low torque requirements. It is as-

sumed that both variants are to be built using the same base

workpieces.

The gear housing variants consist of a sheet metal frame with

cut outs (A). The resulting cages (B) are then joint-formed with

a plastic sheet to ensure leak tightness. Both housing variants

are reinforced with a rib structure (C) on curved surfaces. The

rib structure in variant 1 is made by additive plastic extrusion,

while additive welding is envisioned for variant 2. The gear-

boxes also contain an optional extension (D) for larger gearing

wheels, which is created by an additive welding process. The

housings are sealed with an adhesive seal (E) and a cover (F).

The gear housing is designed with multiple manufacturing

techniques in mind, for example sheet metal and joint-forming,

additive manufacturing and milling. Forming processes are

used for highly productive pre-production of common base

workpieces and additive manufacturing is used to finalize the

variants. These variants for different performance requirements

can therefore be produced with low product-specific invest-

ments resulting in a productive and cost-efficient production

process.

This example shows the degrees of freedom the workpiece

design gains through application of Incremental Manufactur-

ing. These new degrees of freedom motivate the implementa-

tion of such a production system.

3.3. Summary

The production of workpieces using a combination of man-

ufacturing technologies poses multiple challenges regarding

material combination, production process and flexible addi-

tive manufacturing. Process planning and process integration

are two important research topics which need to be addressed.

Particularly, further development of additive manufacturing to-

wards additive finalization has to be carried out.

4. Additive Finalization: A Key Technology for Incremen-
tal Manufacturing

The concept of incremental manufacturing aims at mass cus-

tomized production while minimizing the variant specific in-

vest. This is approached by reduced use of variant-specific

forming tools and by increased use of programmable produc-

tion technologies. Therefore, workpiece finalization through

additive manufacturing is a key technology. This technology is

elaborated in the following case study.

Figure 2. Control flow structure of the experimental setup used for the experi-

ments.

4.1. Outline and Objectives of the Case Study

The case study contains experimentation with material de-

position onto curved surfaces. This resembles intermediate pro-

duction steps in an incremental manufacturing sequence and the

finalization of base workpieces. For this purpose a robot was

equipped with a fused deposition modeling extruder (FDM), see

Figs. 2 and 3.
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The goal of the case study is to learn the key requirements for

production with partial additive manufacturing. This includes a

feasible minimal solution regarding the hardware setup for par-

tial additive manufacturing. The experimentation results pro-

vide guidelines for future machine concepts and the integration

of additive manufacturing into robot-based workcells. The ex-

perimental robot presented below provides practical knowledge

about the transfer of deposition processes from 3-DOF depo-

sition to 6-DOF deposition. Besides the process and machine

knowledge, the case study demonstrates geometric options for

workpieces produced with partial additive manufacturing. The

case study shall also identify technological shortfalls that hin-

der the introduction of additive finalization and -by extension-

Incremental Manufacturing at the present time.

4.1.1. Robot Platform with 6 DOF
The experimental platform was developed on the basis of

HEXA II [9], a robot demonstrator of the Collaborative Re-

search Center (SFB) 562, funded by the German Research

Foundation (DFG). The robot has 6 degrees of freedom, which

makes it suitable for additive manufacturing on top of curved

surfaces. Figure 3 shows this set-up. Being a parallel kinematic

machine, the machine’s actuators are located close to the non-

moving base frame. This results in low inertia results and high

velocity (max. 10 m/s) and acceleration (max. 10 g), which

yields short cycle time of production tasks to be accomplished.

The robot is controlled by RCA562 [10], an open robot con-

trol software architecture for high performance parallel kine-

matic machines. This flexibility opens various ways to inte-

grate the trajectory control in conjunction with the deposition

control, so that different candidates of future machine control

architectures can be compared with each other.

Figure 3. Parallel kinematic robot HEXA II [9] equipped with a fused depositin

modelling extruder for additive manufacturing.

4.1.2. Fused Deposition Modeling Extruder
A commercial extruder for fused deposition modelling was

adapted for the robot-guided additive manufacturing. An ex-

truder controller for heating and material feed control is con-

nected to the robot control. The interface, based on the serial

RS232 protocol, is designed for interoperability with different

robot controllers. This interface is minimized such that only the

deposition rate as well as the robots velocity and extrusion tem-

perature is sent to the material deposition controller. Calibra-

tion experiments were carried out, and suitable process param-

eters with regard to the robot velocity and acceleration, feeding

rates and heating curves were found.

4.1.3. Programming Workflow and Path generation
The path generation workflow is shown in Figure 4. The

Feature to be added to the workpiece is first modeled using

CAD-Software. This geometric model ist then transformed

such that the connection surface between the feature and the

workpiece is flat. This deformend geometry can then be fed

into a conventional slicing software (in our case the open-source

software sic3r). The flat output of the slicing software is then

transformed back into the original shape using the inverse to

the first transformation. The extruder orientation is set to be

perpendicular to the connection surface.

The last step of the path generation process is the generation

of robot commands. The robot commands contain the extruder

trajectory as well as the synchronised deposition rate. The robot

program is finally compiled and ready for execution in the robot

controller. This path generation process is easily portable to

different robot types by changing the parsing parameters.

Figure 4. Path generation workflow (A: workpiece, B: feature, C: level extruder

paths, D: curved extruder paths)

4.2. Experimental Procedure and Experimental Workflow

In order to evaluate partial additive manufacturing on curved

surfaces, a base workpiece with curvature was designed and

manufactured.Figure 5 shows the base workpiece (and also the

result of the subsequent partial additive manufacturing step). In

our experiments the base workpiece was produced by a com-

mercial 3D-Printer from polylactide (PLA), this allowed the

part to be made from the same material as the deposition ma-

terial for the added features. Conventional manufactured work-

pieces made of the samen material are expected to perform sim-

ilarly. The CAD-model of the base workpiece was then ex-

tended by geometric features on top of the curved surface. This

was carried out multiple times to create distinct variants of the

same base workpiece. In the next step, the automated path gen-

eration was invoked to generate the G-code and the robot com-

mands based on the CAD-Data. Subsequently, the base work-

pieces were clamped within in the robot’s workspace. A prob-

ing procedure was carried out to calibrate the base workpiece’s

location within the robot coordinate system. Finally, the print-

ing process was conducted automatically.

In order to adjust the path and process parameters, prelim-
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inary experimental studies with polylactide (PLA) as deposi-

tion material took place. The following results of the parameter

study were used to achieve the experimental results reported be-

low. The robot path consists of a layer thickness of about 0.3

mm and a distance of 0.5 mm between the individual lines. The

robot was moved with a constant velocity of 40 mm/s which

required a constant extrusion rate of about 0.008 g/s. The tem-

perature of the extruder was set fixed to 230C.

4.3. Experimental Outcomes and Observations

Figure 5 shows results of the partial additive manufacturing

process (added geometry features in blue). In these examples,

a planar structure and a rod, respectively, was added to the base

workpiece curvature. The following observations were made

with these and other workpieces:

• The observed layer accuracy remains slightly below that

of a comparable commercial 3D-printer.

• Influence of gravitational force was not observed.

• The orientation of the extruder has an impact on the qual-

ity. This becomes obvious at the outer edge of a structure,

where the orientation of the robot and the extruder requires

adjustment to compensate line endings.

• No detachment was observed during the printing process,

neither for the planar structure nor the rod.

• Bending radii are of consistent and high quality throughout

the workpiece.

• The adhesion strength is less than the strength of the ma-

terial, but strong: destructive testing breaks the workpiece

at the connection seam, albeit under considerable force.

4.4. Discussion

This case study demonstrates partial additive manufacturing

in an experimental set-up. In particular, it shows the feasibil-

ity of additive manufacturing on curved surfaces guided by a

6-DOF robot. This is implemented in a minimalistic control ar-

chitecture, which shows the effectiveness of the approach. The

following aspects were learned and derived from this study

• The path generation based on the simple projection ap-

proach is feasible for simple curved base workpieces.

However, more complex surfaces may be too challeng-

ing for this approach. More complex proposals have to

be elaborated to maintain the remainder of the toolchain in

such situations.

• The automated path generation should be augmented by a

collision detection.

• A robot for partial additive manufacturing requires high

acceleration whereas, in contrast, the velocity is not very

high. This may drive the development of new types of

specific robots.

• The synchronisation of the extruder with the robot move-

ment is crucial to the workpiece accuracy. Hence, dedi-

cated interfaces should be made available in the robot con-

trol software.

• The kinematic design of the partial additive manufactur-

ing system including its extruder has to be a compromise

between workspace size, orientability, and accuracy.

• In order to minimize system changeover times, the cal-

ibration of the base workpiece with respect to the robot

coordinate system should be made as efficient as possible.

This aspect should be considered as early as in possible

the design phase.

• The influence of gravity requires more experimental atten-

tion to decide whether the orientation of the base work-

piece should be actuated.

Figure 5. Base workpiece examples printed by a commercial 3D-printer

(black/grey) with blue structures added by CAD/CAM-driven partial additive

manufacturing using HEXA II.

5. Conclusion and Outlook

This article presents an approach to combine additive manu-

facturing with other manufacturing processes to reach medium

and high volume production. This approach requires a work-

piece finalization process that takes advantage of additive man-

ufacturing to fabricate variants from base workpieces. Such a

process, additive finalization, adds the key variant features of

the workpiece. This technology is generalized and embedded

into the holistic manufacturing concept of Incremental Manu-
facturing.

Additive finalization is investigated experimentally by at-

taching a fused deposition modeling extruder to a robot. This

set-up is developed to build geometry features on curved sur-

faces. The robotic movements are derived by an automated path

generation process, where a standard slicing algorithm in con-

junction with projection steps is applied to CAD-Data.

The manufactured workpiece examples on curved surfaces

indicate the feasibility of the proposed process route for work-

piece finalization. This workpiece finalization process is the

first step for realization of the proposed Incremental Manufac-

turing approach. This gives the chance to develop a manufac-

turing system where single pieces to medium volume series can

be produced with high productivity.

Moreover, it was also demonstrated that Incremental Man-

ufacturing adds new design degrees of freedom. This can, for

example, be used to build multi-material components. Another

usage of these degrees of freedom is the creation of workpiece

families and their efficient reproduction from base workpieces.
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