




tools can be countered by increasing the diameter of the tool. However, this limits the access of 
the tool to the surface of part. Removal of machining allowance can be accomplished on both short 
features (a, b) and tall features (c, d). However, machine tool lengths can quickly become extreme. 
Due to hybrid manufacturing’s unique ability to perform iterative deposition and machining, tall 
features can be broken down into several shorter features (Figure 3e).  

Breaking tall features down into shorter features and performing machining in stages 
enables the use of shorter machine tools. Machining however being a subtractive, or material 
removal, process can present an issue for subsequent depositions. Figure 4 depicts how material is 
added in the LMD process. It should be noted that material can only be added where support exists 
for the deposition. Therefore, a support angle, ��, is necessary to expand beyond the bounds of the 
machined geometry’s top plane (Figure 5). This support angle prevents the machining allowance 

from being fully attained on the initial layers of subsequent depositions after it has been removed. 
For instance, a support angle of �� = 45° would equate to a section of material with less than desired 
machining allowance as tall as the machining allowance is wide. This is problematic as the 
machining allowance is critical in attaining sufficient surface finish on the final part. A method to 
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Figure 3 - Tool reach consideration within hybrid manufacturing
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Figure 4 Metal deposition in LMD 
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continuously cycle between deposition and machining without 
sacrificing machining allowance is necessary to progress 
hybrid manufacturing in the production environment. 

Proposed Solution 
Following deposition of material via an additive 

process, the exact surface geometry of the part is unknown. 
Hybrid manufacturing often integrates post-processing in the 
form of machining or another finishing process to achieve final 
part tolerances. The following method takes this a step further, 
integrating machining mid-process. Face milling is conducted 
between deposition cycles to eliminate inconsistencies in stack 
up of the 2-½ D layers and provide a known flat surface. Profile milling is also conducted along 
the contour of the part, removing the machining allowance and any excess material. This process 
continues cyclically until the final height of the part is attained. 

This process is unique in that profile milling is not conducted with standard flat or ball end 
mills, rather side or undercut machine tools are used. These cutting tools allow for material to be 
removed from the side rather than above, even in a simple 3-axis machine setup. Leveraging side-
cutting tools, a ledge is created by selectively removing the machining allowance from the bottom 
up.  The created ledge then acts as a support structure for additional material to be deposited in 
subsequent additive cycles. 

Process Flow 
Figure 6 depicts the flow for the iterative hybrid manufacturing process, repeatedly cycling 

between deposition of material via an AM process and material removal via CNC machining. The 
process starts with a short material deposition, oversized by an appropriate machining allowance, 
Figure 6a. This is followed by a two-stage machining cycle, beginning with face milling, Figure 
6b, before transitioning to profile milling and creation of the ledge, Figure 6c. 
1) deposition, 2) face milling, and 3) profile milling are repeated, Figure 6d-f, until the final desired 
height is attained, Figure 6h. 

The method was implemented using an AMBIT DED system from Hybrid Manufacturing 
Technologies, which is installed on a UMC 750 5-axis CNC milling machine from HAAS.  The 
material is 316 SS deposited on a SS substrate.    Figure 7 illustrates the first few steps in the 

Figure 5 - Support angle 

 

Figure 6 – Overview of iterative machining illustrating a 3 segment incremental machining process 
(a) (b) (c) (d) (e) (f) (g) (h) 
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prototype two-wall construction process.  Figure 7a shows the first “slab” of deposition, follow 
by face and end milling operations in 7b and 7c, respectively.   Figure 7d shows the result of side 
and undercut machining using the spherical ended mill to create the side profile and the “shelf” 
used to support subsequent depositions (Figure 7e).    
 

This process was 
iterated 4 cycles, producing 
the two walled structure 
shown in Figure 8.  As 
illustrated in Figure 8a, the 
milling of the two walls was 
accomplished with a tool 
decidedly too short to reach 
the entire depth without 
collision.  It is proposed that 
this process could be 
sustained for exceedingly 
taller walls versus tool reach 
and access that is typically 
required.  
 
Hybrid Materials – 
Plastics and Metals 

Multi material Additive Manufacturing is an extraordinarily 
powerful innovation, allowing realistic application of gradient 
materials, assembled constructs of plastic and rubber, live hinges and 
a variety of new approaches to design of products.   However, simple 
integration across material classes remains a practical challenge.   
Although plastic, metal, wood and composite filaments are available 
for FFM printing, the combination of multiple materials can be 
problematic (e.g. printing a solid plastic filament and a metal powder 
filament into one build, where the metal filament requires post 
process sintering).   In this work, we explore the possibility of a 
mechanical connection between plastic and metal using a pre-
machining root interface.  The goal, as shown in Figure 9, is to attach 
representative plastic airfoils on an aluminum rod in a radial array.   

Figure 7 – Implementation of the proposed iterative method showing two segments deposited 

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

Figure 8 – Illustration of two wall, five segment stacking and 
machining example 

Figure 9 – two material 
construction goal 
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The proposed approach is to use a milling tool, typically called a dovetail cutter to create a root 
structure within the metal substrate.  Plastic will then be deposited into the undercut geometry and 
then on top of the substrate, in an attempt to keep the plastic from pulling out of the substrate due 
to mechanical connection, as shown 
in Figure 10.   

Preliminary results from early 
testing are mixed.  In the condition 
where a single dovetail root is 
created, the plastic shrinks away 
uniformly causing the part to move 
(Figure 11a).  However, when 
opposing roots, or better, a complete 
circuit of roots is machined, the 
subsequent layers of the part plastic 
shrinkage appears to improve 
mechanical linkage.  The hypothesis is 
that the “layer 1” of the actual part, 
with significant volume compared to 
the root structure, draws the root plastic 
inward, causing the inboard edges of all 
root structure to drawn down even 
tighter (Figure 11b).  This approach 
was tested on a sample part, shown in 
Figure 12.   In this part, figure-8 root 
structures were machined into each of 
the three metal faces prior to 
deposition and subsequent ball milling 
of plastic.   Initial results were highly 
successful, with all 3 airfoils securely 
attached to the 6061 aluminum rod.   

Conclusion 

Hybrid manufacturing using additive 
and subtractive methods shows promise in delivering both complex parts and integrated post 
process machining in one system.   In addition, multiple materials within a hybrid process allow 
design complexities not seen in conventional manufacturing. That said, there remain seemingly 
fundamental challenges related to the iterations and integration of multiple processes and 
materials.  This work presented some basic problems where machining allowance, upon removal, 
is not available to serve as the substrate for subsequent printing of a tall component.  This paper
proposes a method to avoid multi-axis machining, and common collision conditions related to tall 
close proximity features.   The method is in early testing, and does not yet provide a clear solution 
for the optimal parameters of an optimal build, but early results are promising.  The other method 

Figure 10 – Undercut (dovetail) machined for root structure 

Figure 12 – Aluminum rod with ABS/CF plastic deposited 
and machined using dovetail root concept 

Figure 11 – Shrink conditions, (a) single root causes uniform 
shrink versus (b) multiple roots drawn together by part layer 

(a) (b
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shown herein tackles a simple problem; vastly differing materials simply will not bond to each 
other.  The dovetail cutting approach shown in this paper is seen in mechanical joints today, but 
usually in similar/same materials (e.g. attaching turbine blades to a rotor).  However, this work 
shows preliminary success in using the expansion/shrink properties of the plastic to actually 
increase rigidity upon cooling.  The process is only successful so far using a closed circuit of root 
structures, as any single dovetail sees significant uniform loosening.   
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