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Abstract: Hybrid manufacturing machine tools have great potential to revolutionize manufacturing
by combining both additive manufacturing (AM) and subtractive manufacturing (SM) processes on
the same machine tool. A prominent issue that can occur when going from AM to SM is that the SM
process toolpath does not account for geometric discrepancies caused by the previous AM step, which
leads to increased production times and tool wear, particularly when wire-based directed energy
deposition (DED) is used as the AM process. This work discusses a methodology for approximating a
part’s surface topology using on-machine contact probing and formulating an optimized SM toolpath
using the surface topology approximation. Three different geometric surface approximations were
used: triangular, trapezoidal, and a hybrid of both. SM toolpaths were created using each geometric
approximation and assessed according to three objectives: reducing total machining time, reducing
surface roughness, and reducing cutting force. Different prioritization scenarios of the optimization
goals were also investigated. The optimal surface approximation that yielded the most improvement
in the optimization was determined to be the hybrid surface topology approximation. Furthermore,
it was shown that when the machining time or cutting force optimization goals were prioritized,
there was little improvement in the other optimization goals.

Keywords: hybrid manufacturing; surface qualification; toolpath optimization; metal additive manufacturing

1. Introduction

While additive manufacturing (AM) has demonstrated its potential to be a disruptive
technology it still suffers from many drawbacks with regard to the creation of functional
part surfaces, low dimensional accuracy, and defects from the deposition process. To
counter these disadvantages, modern subtractive manufacturing (SM) machine tools are
incorporating AM technology to create hybrid machine tools [1]. These machine tools
have the ability to deposit material and remove material to manufacture a part with the
production speed and material efficiency of AM and the dimensional accuracy of SM. Of
the many deposition processes available, a popular one is wire feedstock-directed energy
deposition (DED). This process uses a focused heat source, such as a laser or an electrical
arc, to melt inexpensive welding wire and deposit it on to a substrate. However, this process
can also have unpredictable results that can cause defects and irregular part surfaces which
can in turn adversely affect the SM process [2,3].

The irregular geometric surfaces caused by wire-based DED pose substantial chal-
lenges and provide singular opportunities for optimization of subtractive manufacturing
toolpaths. The gains provided from such optimization are especially applicable in the
context of a hybrid machine tool where additive and subtractive manufacturing capabilities
exist on the same machine. There have been a variety of methods utilized for generating SM
toolpaths for hybrid manufactured parts, however, many have not taken into account the
geometric discrepancies that can arise from deposition. Liou et al. [4] were one of the first to
investigate 5-axis hybrid manufacturing machine tools using powder feedstock DED, and
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their process generated the additive and subtractive toolpaths prior to the actual production
process, such that the SM toolpath did not account for AM geometric defects. More recently,
Chen et al. [5] used the aforementioned toolpath generation approach, but this did not
consider the actual as-built geometry in determination of SM toolpaths. Rodrigues et al. [6]
also investigated wire DED and applied traditional 3-axis SM facing operations to the top
surfaces of as-built AM parts without using online measuring equipment to adjust the SM
toolpath. Another approach taken by Fuchs et al. [7] involved characterization of surface
waviness of AM part surfaces to determine a suitable machining tolerance for deposition
geometries. Similarly, Zhang et al. [8] simulated the effect of different steps over distances
between beads in the construction of planar parts and used additional deposition toolpaths
to correct perimeter defects. While these methods have made strides in advancing hybrid
AM/SM approaches, they are either inefficient due to lack of utilization of as-built AM
geometry in SM toolpath generation or they require extensive characterization experiments
to implement. Since parts manufactured by hybrid manufacturing machine tools may need
to undergo multiple AM and SM process steps, it is therefore desirable to optimize the
subtractive operation toolpath in a manner that incorporates measurements of the as-built
AM part surface and can be achieved without the use of prior characterization experiments.

Current methods of traditional SM toolpath optimization are not well suited to this
task as they have not incorporated the surface waviness and geometric process defects
inherent to the AM process. However, certain foundational aspects of these methods can
be brought in to the SM toolpath optimization for as-built AM parts. Maiyar et al. [9]
and Shaik et al. [10] optimized the machining parameters for Inconel 718 and Al-6061
alloys, respectively, with a focus on achieving high surface quality and material removal
rate. It should be noted that superalloys like Inconel 718 can retain their mechanical
properties at high temperatures, which makes them difficult to machine due to higher tool
wear, thus requiring a more in depth analysis of machining considerations [11]. While
the present work is not focused on nickel superalloy machining, this illustrates how
subtractive manufacturing optimization has been used on a material-specific basis in
past work. Corso et al. [12] performed a similar optimization study with a focus on
implementing different optimization algorithms. An et al. [13] conducted a study specific to
face milling operations that varied parameters to minimize production cost and machining
time with surface roughness and cutting force as constraints. Yan et al. [14] conducted an in-
depth multi-objective study that focused on optimizing cutting energy, surface roughness,
and machining time. These studies regarding subtractive toolpath optimization focus on
optimizing machining parameters without considering the toolpath or the part geometry.
Castelino et al. [15] explored optimizing the order of different toolpath segments in order
to reduce the overall travel time between segments by utilizing approaches to the classical
traveling salesman problem. This study generated an algorithm that can be applied to
different part geometries. Lazoglu et al. [16] varied the XY plane orientation angle of the
subtractive toolpath in a ball milling operation to determine the orientation that yielded
the lowest cutting force. Ali et al. [17] tested different face-milling toolpath strategies (e.g.,
raster, zig zag) to determine the strategy that optimized surface finish and material removal
rate. Hernandez et al. [18] developed on optimization algorithm for continuous machining
operations, independent of workpiece geometry, where optimal cutting parameters were
chosen to maximize tool life and material removal rate.

As mentioned previously, it is desirable to incorporate as much information as possible
about the part surface’s geometry to achieve an effective toolpath optimization. This
need illustrates a unique challenge of hybrid manufacturing since subtractive operations
must be performed in between deposition operations, and so part surface geometry must
likewise be gathered iteratively. This differs from considerations used in machining of
forged or cast parts as in those situations the part dimensions are much more controlled
through the use of molds and the well understood mechanics of the casting and forging
processes. Heralic et al. [19] utilized a laser profilometer to incorporate geometric data
about each deposition bead into a closed loop control algorithm to minimize variations
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in the layer height but this approach is not suitable for commercial hybrid machines as
those controller architectures lack flexible configurability. Additionally, the cost of laser
profilometers may be prohibitive to manufacturers. It is here where the technological
advances achieved in Industry 4.0 should be leveraged to facilitate and improve the hybrid
manufacturing process [20]. A common method of determining the geometry of part
features is to use an on-machine touch probe to digitize the part’s surface as it is an
efficient use of existing equipment and most modern machine tools already have one. Both
Praniewicz et al. [21] and Kim et al. [22] used an on-machine touch probe to digitize the
geometry of turbine blades and use that geometry to formulate toolpaths for component
repair workflows. An added benefit of using these on-machine probes is that modern
machine tool controllers come equipped with capabilities that allow probe data to read from
the controller and be transmitted to the user and incorporated into a digital representation
of the part. Stavropoulos et al. [23] also investigated hybrid manufacturing processes for
turbine blade repair but used a 3D scanner to inspect the blade geometry.

Special consideration must be given to the process workflow of hybrid manufacturing
and where online inspection and SM toolpath optimization could be best applied. The
hybrid manufacturing process as described by Davila et al. [24] consists of repeated cy-
cles of DED and SM operations until the final part geometry is achieved. This simplistic
workflow can be expanded to accompany both component repair and new component
manufacturing operations. The most common hybrid manufacturing workflow for repair
or remanufacturing of components is one whereby damaged components are scanned,
defects are machined, and then material is added and remachined to the final shape. This
workflow process is utilized heavily in turbine blade repair [21,22]. Stavropoulos et al. [23]
generated multiple hybrid manufacturing workflows and assessed each according to a
variety of KPIs. For manufacturing new components, Chen at al. [5] proposed a unique
workflow where conventional stock material was partially machined and only certain
features were deposited with AM and then subsequently machined. Zheng et al. [25] devel-
oped a complex method involving feature extraction of the desired CAD geometry and the
formulation of AM and SM toolpaths for remanufacturing components. Davila et al. [24]
proposed a workflow for manufacturing components from a substrate wherein the DED
and SM steps are repeated such that only the part geometry from roughing SM operations
is achieved, after which the finishing SM operation is conducted to bring the part within
final dimensions and tolerances. The present work is focused on applying an SM toolpath
optimization for the surface qualification facing operation, which is the point in the hybrid
manufacturing workflow where the top surface of an as-built DED part is being prepared
for the next deposition process step. Since such an operation would happen frequently in
the hybrid manufacturing process, it would be ideal to use an on-machine touch probe
to gather geometric data about the part surface [20]. However, one drawback to using
the touch probe in this case is that there is an inherent process time problem since using
more probe points to gather information about the part surface inevitably results in large
increases in process time. This effect is compounded when considering the fact that the
surface qualification of the part may need to happen multiple times throughout the part’s
build. Therefore, it is desirable to approximate the surface of wire-based DED components
using geometries that require a low number of probe points per deposited bead of mate-
rial. However, this surface approximation must be robust enough such that collisions are
avoided and feed rates for non-cutting movements can be increased safely [20]. The present
work is focused on examining how such geometric approximations can be incorporated
into an optimization of the SM toolpath of the hybrid manufacturing process and how
different geometric surface approximations affect the results of that optimization.

2. Background

One of the most common defects that is especially detrimental in all metal AM pro-
cesses is the build-up of deposited material that occurs during the start and stop points
and the corners of a deposition track. This defect occurs due to the fact that the material
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deposition rate is constant through the AM process, while the traverse rate of the deposi-
tion head accelerates when starting, stopping, or rounding a corner, as characterized by
Cajella et al. [26]. In the case of a simple wall specimen, the overbuilding at the deposition
start and stop points results in a part surface that has a cup-shaped geometry with tall wall
ends and a low middle portion of the wall. An approximation of this geometry can be seen
in Figure 1 below.

Air Cutting Slope Change
Cutting Tool Sections Causing Tool
Cutting Tool  Load Spike
—
(a) (b)
. . Air Cutting
Cutting Tool Minmnal Forge Cutting Tool Sections

Toolpaths

4

V4

N

—

(d)

(c)

Figure 1. Approximation of the cup-shaped geometry (black outline) with corresponding toolpath issues: (a) non-optimized

toolpath showing air cutting toolpath sections (green) and engagement toolpath sections (blue); (b) non-optimized toolpath

showing a spike in tool load; (c) partially optimized toolpath that makes tool load more uniform; (d) fully optimized

toolpath that minimizes machining time, cutting force, and surface roughness.

There are two main manufacturing issues that arise due to this cup-shaped geometry
defect. First, there is the issue of increased air cutting. Air cutting is when a cutting tool is
traversing over a part at a cutting feed rate but not actually engaging with the part. The
cup-shaped geometry defect produces many regions where air cutting occurs, as illustrated
in Figure 1a below. The many air cutting sections needlessly increase production time
since the cutting tool moves at a cutting feed rate when not in contact with the workpiece.
Therefore, it is desirable to incorporate the geometric information gained from probing
so that appropriate increases to the feed rate can be applied to the toolpath during these
air-cutting sections. This approach is similar to the technique of feed rate scheduling,
wherein the feed rate is adjusted depending on predetermined cutting forces [27]. In this
case, the feed rate is increased to the rapid feed rate during sections of no tool load, i.e.,
air cutting. The other prominent issue is the irregular tool loading due to the changing
slopes of the cup-shaped geometry. Figure 1b below shows that when the cutting tool
engages with a section of the part geometry that has a positive slope, there is an increase
in the tool’s axial depth of cut which causes there to be irregular tool loading along a
given toolpath. This irregular tool loading is undesirable for a number of reasons. It has
been shown in multiple studies that having a constant engagement of the tool with the
workpiece, and therefore constant cutting force, can improve tool wear by minimizing
cutting force spikes and improve machining accuracy by minimizing the variations of the
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tool’s deflection during cutting [28,29]. This would be beneficial in decreasing chatter as
well, since Chuangwen et al. [30] found that increased tool wear and cutting depth led
to increased amplitude of cutting vibrations that can lead to regenerative chatter [31]. To
minimize the cutting force and make the engagement of the cutting tool more uniform,
adaptive toolpaths must be created that conform to the cup-shaped geometry, as shown in
Figure 1c.

An SM toolpath optimization methodology must be utilized to counter both of the
issues previously described. This can be achieved by varying the axial depth of cut and the
cutting feed rate to achieve toolpaths that minimize the cutting force and machining time,
as illustrated in Figure 1d below. For each selection of an axial depth of cut and cutting
feed rate for the adaptively layered toolpaths, the feed rate of the air cutting sections of
each toolpath segment, shown in green in Figure 1d, is increased to the rapid traverse feed
rate of the machine. Lastly, in addition to minimizing the machining time and the cutting
force, the surface roughness must also be minimized. This is done to avoid regenerative
chatter and to achieve the desired surface finish for the part [31].

Currently, there is a knowledge gap in applying SM toolpath optimization to the facing
of irregular part surfaces, as well as a method of efficiently gathering enough geometric data
about the part’s surface so that a proper toolpath optimization can be applied. The purpose
of this work was to examine different geometric approximations of a wire-based DED part
surface that use minimal probe points and to then use those geometric approximations as
the basis for optimization of the surface qualification facing operation. The optimization
results for the different geometric surface approximations were evaluated to determine if
there was an optimal geometric surface approximation for the cup-shaped geometry.

An overview of the experimental process is described here. The first stage of the
experimental methodology used in this work was to probe each bead of the deposited part
to generate a height profile for each bead. Then, the height profiles for each bead were
consolidated into one height profile that was used for the entire top surface of the part. To
generate this singular height profile, the highest height value from among the individual
beads’ height profiles at each successive probe location along the length of the wall was
used. Next, a digitized part surface was created from the consolidated probe height profile
by connecting the individual probe points. Finally, the SM toolpath was optimized using
an optimization methodology.

3. Materials and Methods
3.1. Sample Part Fabrication

The hybrid machine tool used was a Mazak VC-500A/5X AM HWD, from Mazak
Corporation in Florence KY, USA, which is a 5-axis vertical machining center augmented
with a 4 kW laser and deposition head. The machine tool chosen for the probing operation
was the Mazak VC-500A/5X, which is purely a subtractive manufacturing machine tool.
The Renishaw touch probe used for the probing operations features its own set of G-Code
instructions that can be used to program canned cycle probing operations for typical part
features like bosses, webs, and bores. It was also able to perform single surface probing
operations to determine work piece offsets. After setting the work piece Z offset value as
the build plate surface and substituting the expected part height into the G-Code, one can
generate a series of probe commands to perform probing operations along the part surface’s
XY plane by using XY values from the part’s deposition path to achieve a desired probing
resolution. This probing resolution was measured in unit length/probe point, where the
unit length was the distance traveled along the part’s deposition path. Both machines
use an on-machine Renishaw touch probe and feature MTConnect capable controllers.
MTConnect is a communications protocol that is used to read process data from machine
tool controllers. The probing data was then published to a message broker via a gateway
on the machine controller, in the manner described by Parto et al. [32].

To test the experimental methodology, a sample straight wall artifact was fabricated
using the Mazak HWD. The part was made from 1.14 mm diameter ER316LSi 316L stainless
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steel wire with the properties shown in Table 1. The wall artifact had dimensions of
6.58 x 79.94 x 11.51 mm, with a layer thickness of 1.39 mm. The deposition parameters
used for the part can be seen in Table 2. The part thickness was not less than 5 mm
and its height was less than 30 mm so it was not a thin wall structure as defined by
Budak et al. [33].

Table 1. Wire properties.

%C %Cr %Ni %Mo %Mn
0.02 18.9 13.7 2.3 2.0
%Si %P %S %Cu %Fe
0.89 0.02 0.01 0.22 balance

Table 2. Sample part deposition parameters.

Feed Rate (mm/min) Laser Power (W) Hot Wire Power (W) Wire Feefi Rate
(m/min)
1067 2250 700 4.45

The path planning of the part was made to exaggerate the cup-shaped geometry
defect. Instead of using a raster pattern to deposit the three bead thick part, each bead was
deposited as a single track with the same deposition direction. However, the deposition
direction for all three beads was rotated 180 degrees for each alternating layer of the part.
The Mazak VC-500A/5X AM HWD utilized a constant deposition feed rate in between the
start and stop points of each bead that was maintained by the machine tool’s controller
throughout the deposition path of each bead to minimize variations in deposition geometry
that could occur due to changes in deposition feed rate.

3.2. Geometric Surface Approximations

Three geometric approximation profiles were considered in the present work. The first
approach was a triangular approach composed of three probe points per bead, with one
each at the wall ends and another in the middle. The second approach was a trapezoidal
approach composed of five probe points per bead, with one each at the wall ends, and three
more equally spaced between the wall ends. The last approach was a hybrid approach
using five probe points per bead with a lower probing resolution at the wall ends. Figure 2
below shows an example of how a single bead’s surface would be represented with these
geometric approximations.

18
E 16
E
N 14

‘]2 S

0 20 40 60 80
X (mm) X (mm)
(b) (©

Figure 2. Example single bead surface approximations using: (a) triangular approach; (b) trapezoidal approach; (c) hybrid
approach. Height profile is shown in red, desired Z height is shown by the dotted blue line.

The height profile of the geometric approximation is shown in red. Note that the
Z dimension of the part has been truncated to only show the part geometry above the
desired Z height. With these geometric approximations, there are three key path geometry
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parameters: the path length, the difference in height of the start and stop points (also
known as the corner height), and the absolute height difference between the highest
and lowest points of the height profile. Note that the triangular approximation’s height
profile in Figure 2a consists of two straight lines that connect the start point to the middle
point and the middle point to the stop point. The trapezoidal approximation height
profile in Figure 2b consists of four straight lines that connect the points together, but the
lines that connect the three intermediate points together are all horizontal. The hybrid
approximation’s height profile in Figure 2c consists of four straight lines that connect the
points together, but the second and fourth probe points are located closer to the start and
stop points. This allows the hybrid approximation to better conform to the cup-shaped
geometry. Using the simplified geometry of straight lines for the approximations allows
for the equations of those lines to be easily found in the typical linear format.

3.3. Toolpath Optimization Formulations

The formulation of the SM toolpath optimization problem was composed of varying
input parameters that were subject to a variety of different constraints. The input parame-
ters discussed earlier in this work were the axial depth of cut, or adaptive layer thickness
(mm), and the adaptive feed rate (mm/min). The constraints for these input parameters
are given below:

0.01 < do < StepDown @D

0.1 < £y < frmax (2)

where d, is the adaptive layer thickness, StepDown is the axial depth of cut used in
the non-optimized cutting condition (0.5 mm), f, is the adaptive feed rate, and fmax is
maximum available cutting feed rate on the machine tool (8000 mm /min). There were
also additional constraints put on the optimization goal values of machining time and
cutting force. To have viable optimized toolpaths when compared to the non-optimized
toolpaths, it is desirable for the optimized machining time value to be less than or equal
to the non-optimized machining time value. If the optimized machining time value was
greater than the non-optimized machining time value, then the added process time of
the probing operation would make the optimized solution undesirable. Likewise, if the
optimized cutting force was greater than the non-optimized cutting force, there would be
worse tool performance so that the optimized solution is not desirable.

The optimization goals for each set of input parameters were calculated from the
input parameters, and the equations for those goals can be seen below. The calculation for
machining time was computed by adding the machining times for each single cutting tool
pass depending on the geometric approximation being used:

Tiotal = 2111 Tn 3)

where Ty is the total machining time and Tj, is the machining time for cutting tool pass
n. The cutting force can be approximated as follows [31,34]:

P=F.xV 4)
V=nxD x N 5)
P=u x MRR (6)
MRR=r x d x f ?)

By setting Equations (4) and (5) equal to each other and solving for cutting force F:

1:_u><1r><d0><f0
7 maxDxN

®)
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where P is the cutting power, V is the surface speed, D is the tool diameter, N is the RPM,
u is the material’s specific cutting energy, MRR is the material removal rate and r is the
radial depth of cut. For standardization purposes, the tool used in every optimization
scenario was a 4-flute end mill with 25.4 mm diameter kept at a constant 859 RPM. This tool
configuration was chosen such that the entire width of the wall artifact could be machined
in a single pass. It should also be noted that the tool’s radial depth of cut was kept constant
equal to the wall width stated earlier. Since only the d,, and f, parameters were being
changed in this optimization, it was useful for the scope of this work to represent the
cutting force as being proportional to the product of the two input parameters.

Fo o dg X fo )

The average surface roughness of the part was likewise calculated using an analytical
equation [34]:

Sz,0
Ra = . 10
T (tan(K)+ cot(K') ) 10)
— fO
0 = N x Nt =

where s, , is the feed per tooth, K is the lead angle of the tool, and Nt is the number of teeth
of flutes of the tool. To make the analytical solution more applicable to a variety of cutting
tools, it was useful to represent the surface roughness as being proportional to s o:

fo

R - -
* %N x Nt)

(12)
These expressions for the different optimization goals were then normalized based
on the highest goal value from the various iterations of the input parameters and put into
an objective function. The objective function was determined by a weighted sum of the
normalized optimization goals. This formulation was useful as different prioritizations of
the optimization goals in the objective function can be achieved by changing the weight
values. The weight values must also add up to 1, which is an Archimedean formulation
of the objective function [35]. This method of single objective optimization with multiple
criteria was also used by Krimpenis et al. [36] in their machining optimization study. The
objective function can be seen below, along with the Archimedean weights constraint:

G= Wr x <TTotal(d-0/fo)>+WR X (Ra(fo))—|—WF X <Fc(do’f0)> (13)

Tmax Ra,max Fmax
Wr+Wgr +Wg =1 (14)

In this analysis, the objective function values for all scenarios were calculated and
the scenario with input parameters that corresponded to the lowest objective function
value was chosen as the optimal result. MATLAB version 2019 was used as the computer
software in this work and no special packages or add-ins were required.

4. Results
4.1. Manufactured Part

Using the optimal deposition parameters described earlier, a wire feedstock DED part
was manufactured and is shown below in Figure 3. The part produced by the Mazak HWD
had visible signs of the cup-shaped geometry defect as seen by the areas circled in green.
For scale, a 1” gauge block was put onto the part. Due to the deposition feed rate being
constant, as mentioned in Section 3.1, the geometric defects highlighted in green can be
attributed to the deposition path strategy.



J. Manuf. Mater. Process. 2021, 5, 94

9o0f 16

As-Built Part

(a) (b)

Figure 3. As-built wire directed energy deposition (DED) part: (a) on substrate with 1” gauge block for scale; (b) side view

of part. The green circles indicate the overbuilt regions of the cup geometry.

4.2. Probing and Surface Approximations

Three different probing operations were performed on the part: a three-point, a
five-point, and a 10-point per bead probing cycle. The data from the probing operations
can be found in Supplementary Tables S1-53. The generated probing toolpaths probe
each bead of the part’s top layer using an increasing number of probe points. Probing
toolpaths that used more probe points were able to obtain more information about the
part surface; however, this came at the cost of increasing probe process time. The data
from the three- and five-point probing cycles were used to construct the triangular and
trapezoidal approximations, whereas the data from the 10-point probing cycle were used
to form the hybrid approximation and as a higher fidelity digitized part surface to evaluate
the different geometric approximations. The probing operation generated a point cloud of
XYZ data, so to simplify the analysis the probe data from the height profiles of all three
beads were consolidated into a single height profile. Figure 4a—c show the probe data of
the three beads for the 3-point (pt), 5 pt, and 10 pt probing operations, respectively. It
can be seen that each of the individual bead’s height profiles were distinct. As mentioned
earlier in Section 2, the consolidated height profiles were created by taking the highest
probe data points from among the three beads for each probe location along the X axis.
The consolidated height profiles shown in Figure 4d—f below validated the choices of the
triangular and trapezoidal geometric approximations as they conform to the 3 pt and 5 pt
consolidated height profiles shown in Figure 4d,e, respectively. It is also worth noting that
the higher fidelity 10 pt consolidated height profile in Figure 4f shows that the increases in
height due to the cup-shaped geometry defect occur fairly close to the start and stop points
of the part. This further validates the choice of the hybrid geometric surface approximation
which has a higher concentration of probe points at the start and stop of the part.

The geometric approximations for the part surface can be overlaid with the height
profile generated from the higher fidelity 10 pt probing operation to make some qualitative
assessments of each approximation’s advantages and disadvantages. In Figure 5 below,
the triangular approximation can be seen in red, overlaid with the higher fidelity height
profile in black. From Figure 5a, it can be seen that the geometry produced from the
triangular approximation is fairly dilated when compared to the higher fidelity height
profile. This means that there is a higher safety margin for protecting the tool from crashing
into peaks in the actual height profile of the part that may not have been detected by the
probing operation. However, this means that the tool spends more time air cutting the
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——Bead 1
——Bead 2
-Bead 3

dilated geometry which increases the machining time. The trapezoidal approximation
shown in Figure 5b has complementary advantages and disadvantages to the triangular
approximation. The horizontal base of the trapezoidal approximation increases the risk
that an undetected peak in the actual height profile of the part causes a tool crash since
the tool is traveling at rapid traverse rates. Consequently, the increased portion of the
toolpaths that has the tool traveling at rapid traverse rates contributes to a lower machining
time. The hybrid approximation is seen in Figure 5c and does a good job of compromising
between the triangular and trapezoidal approximations. The triangular bottom portion
of the hybrid approximation allows for the increased safety of dilated geometry yet the
sections of the approximation that conform to the higher fidelity height profile reduced the
toolpath sections where the tool is traveling at a cutting feed rate and thus can decrease
machining time.

60 80 0 20 40 60 80 0 20 40 60 80

X (mm) X (mm)
(e) ®)

Figure 4. Raw probe data for each bead: (a) 3 pt probing; (b) 5 pt probing; (c) 10 pt probing; consolidated height profiles:
(d) 3 pt probing; (e) 5 pt probing; (f) 10 pt probing.

18
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E
N 14

12 b — o — - — -
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Figure 5. Sample part surface approximation using: (a) triangular approach; (b) trapezoidal approach and (c) hybrid
approach. Height profile is shown in red, desired Z height is shown by the dotted blue line, and higher fidelity height
profile is shown in black. Note that the higher fidelity height profile overlaps the hybrid surface approximation at the ends

of the wall profile.
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4.3. Optimized Subtractive Toolpath

To properly evaluate the optimization results, they must be compared to the non-
optimized cutting condition which uses the same feed rate and axial depth of cut. For
uniformity, all milling toolpaths were composed of a single cutting pass per each level in
the Z direction and the feed direction was always from left to right in the X+ direction.
The non-optimized subtractive toolpath is shown below in Figure 6a. For more clarity,
the range of the figure in Z has been truncated to show the part’s height profile above the
desired Z height. Additionally, there is separation of the toolpath segments into cutting
and rapid feed rate sections. The optimized toolpaths for each approximation are projected
onto the higher fidelity height profile of the part, shown in red, as seen below in Figure 6.
From Figure 6b, it can be seen that the optimized toolpath of the triangular approximation
has produced the most dilated geometry and has indeed provided a higher safety margin
for protecting the tool from crashing into peaks in the actual height profile. Figure 6¢ shows
that there is a significant portion of the toolpath segments that are rapid feed rate sections
which indicates a faster overall machining time. However, there is also little protection
against any undetected peaks in the height profile. Lastly, the optimized toolpath using
the hybrid approximation, shown in Figure 6d, shows how it conforms well to the higher
fidelity height profile of the part at the start and stop points of the part but provides a
more dilated geometry for the middle of the part. This is beneficial as it can contribute
to a decreased machining time while reducing the risk of crashing that is inherent in the
minimal probe point operations.

X 18 '
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\ =TT
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Figure 6. (a) Non-optimized subtractive toolpath; (b) optimized subtractive toolpath using triangular surface approximation;

(c) optimized subtractive toolpath using trapezoidal surface approximation; (d) optimized subtractive toolpath using hybrid

surface approximation. Height profile is shown in red, desired Z height is shown by the dotted pink line. Cut feed segments

are indicated by blue lines and rapid feed segments are indicated by green lines.
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5. Discussion

The numerical comparison of the non-optimized and optimized objective values can be
found in Tables 3-6 below. The numerical results for each prioritization scenario are given as
a percentage change in the parameter of interest from the non-optimized cutting condition.
The equal prioritization scenario, where all of the the objective function weights Wt, Wr, and
Wf were set to 0.33 was analyzed first and the results can be seen in Table 3 below. Overall
there was a significant improvement over the non-optimized cutting condition, with the
smallest magnitude percent change being ~30%. The hybrid and trapezoidal surface
approximations yielded comparable percent changes in machining time of 44.00% and
45.32%, respectively, which should be expected since those surface approximations were
less conservative that the triangular surface approximation. Similarly, the percent change
in machining time and cutting force for the hybrid and trapezoidal surface approximations
only varied by 5%. The triangular surface approximation performed the worst out of the
three, with the smallest magnitude percent changes in machining time, surface roughness,
and cutting force.

Table 3. Equal objective prioritization results.

Geometric % Change from % Change from % Change from
Approximation Non-Optimized Non-Optimized Non-Optimized
PP Machining Time Surface Roughness Cutting Force
Triangular —31.48 —48.20 —57.49
Trapezoidal —45.32 —63.10 —66.03

Hybrid —44.00 —58.36 —61.80

Table 4. Machining time objective prioritization results.

% Change from % Change from % Change from

A G:g:(?r?;ri:on Non-Optimized Non-Optimized Non-Optimized
PP Machining Time Surface Roughness Cutting Force
Triangular —57.36 +21.76 -0.13
Trapezoidal —69.45 +5.67 —2.75
Hybrid —68.56 +8.20 —0.62
Table 5. Cutting force objective prioritization results.

Geometric % Change from % Change from % Change from
Avproximation Non-Optimized Non-Optimized Non-Optimized
PP Machining Time Surface Roughness Cutting Force
Triangular —1.66 —68.77 —74.40
Trapezoidal —3.86 —82.64 —83.96

Hybrid —0.58 —80.12 —81.85

Table 6. Surface roughness objective prioritization results.

% Change from % Change from % Change from

A Gig:(?rer:;gon Non-Optimized Non-Optimized Non-Optimized
PP Machining Time Surface Roughness Cutting Force
Triangular -21.79 —57.41 —65.00
Trapezoidal —40.07 —67.50 —70.25
Hybrid —36.39 —65.30 —68.16

The previous section focused on optimization results where each optimization ob-
jective was prioritized equally. However, this is seldom the case in an actual production
environment. Depending on the component produced, the material being used, or the
production schedule, different optimization objectives may need to be prioritized above
others. To understand the relationship between prioritization of optimization objectives
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and different geometric approximations used, several scenarios were tested where each
optimization objective was prioritized above the others. To establish prioritization of
different objectives, the weight of the prioritized objective was set 0.8, and the other two
weights were set at 0.1 so that all weights summed to 1.

The first objective that was prioritized was the machining time. From the results in
Table 4 it can be seen that although there was a substantial decrease in machining time
of 57-68% across all surface approximations, the surface roughness parameter actually
increased from the non-optimized condition by as much as 20% for the triangular surface
approximation. The cutting force, however, experienced only a slight decrease in the per-
cent change from the non-optimized cutting condition of a maximum magnitude of 2.75%
which may be acceptable in a production environment. The trapezoidal and hybrid surface
approximations again had very similar results and the maximum difference between them
was 2.6%.

The next objective that was prioritized was the cutting force. From the results in
Table 5 it can be seen that there was a substantial decrease in cutting force of 74-83% across
all surface approximations and there was a substantial decrease in surface roughness of
68-80% across all surface approximations. There was only marginal improvement in the
machining time from the non-optimized cutting condition of a maximum magnitude of
2.75%. The similar range of improvement between the cutting force and surface roughness
can be explained by the fact that they are both directly proportional to the feed rate. The
trapezoidal and hybrid surface approximations again had very similar results and the
maximum difference between them was 3.3%.

The last objective that was prioritized was the surface roughness. From the results
in Table 6 it can be seen that there was again a substantial decrease in cutting force of
65-70% across all surface approximations and there was a substantial decrease in surface
roughness of 57-67% across all surface approximations. The triangular surface approxi-
mation yielded a lower magnitude reduction in the range of 21-40%. The similar range of
improvement between the cutting force and surface roughness can be explained by the fact
that they are both directly proportional to the feed rate. The trapezoidal and hybrid surface
approximations again had very similar results and the maximum difference between them
was 3.68%.

From inspection of the numerical values of the percent changes in the objective
prioritization scenarios, it would appear that the trapezoidal approximation would be the
ideal approach since it resulted in the highest percent decreases. However, the trapezoidal
approximation was also the approach most at risk for crashing the tool into unexpected
peaks in the actual part height profile. If the wire DED process is not well understood and
the outcome of the deposition is not well controlled, the risk of crashing could be even
higher. The hybrid approximation had percent decreases in the equal prioritization and
surface roughness prioritization scenarios that were lower than those of the trapezoidal
approximation, but only by a few percentage points as mentioned earlier. Additionally, the
hybrid approximation has the added benefit of being less susceptible to undetected peaks
in the height profile.

Up to this point, the probing operation process time has not yet been taken into
account when considering the overall optimization process time, while the probe process
uses minimal points so that probing time must be accounted for when comparing the
optimization process to the non-optimized toolpath. As such, Figure 7a below shows
a comparison of the non-optimized machining time to the different total optimization
process times using the hybrid geometric approximation for each of the four objective
prioritization scenarios. It can be seen that the total optimization process time exceeded
the non-optimized process time for each of the four objective prioritization scenarios, with
the lowest and highest total process times for the optimized conditions being 2.36 min and
3.69 min compared to the non-optimized condition’s total process time of 1.95 min. The
process time data can be found in Supplementary Table S4.
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Figure 7. Process time breakdown for: (a) 3 beads and 1 facing pass; (b) 1 bead and 1 facing pass; (c) 3 beads and

2 facing passes.

It is important to note that this comparison was for a part that is three beads wide
and assumed to be machined using a single facing pass per layer. Therefore, it is desirable
to determine the effect of the number of beads being probed per part and the number of
facing passes being taken per layer. Figure 7b shows that when the number of beads is
reduced to one, the total optimization process time was lower than the non-optimized
process time of 1.95 min for every objective prioritization scenario except the cutting
force prioritization. The lowest total process time was 1.20 min for the machining time
prioritization optimization scenario. Figure 7c shows that when the number of facing
passes was increased to two, the total optimization process time was lower than the non-
optimized process time of 3.89 min for every objective prioritization scenario, with the
lowest total process time being 2.36 min. This serves as a guidance on how to select which
hybrid machine tool, in terms of its bead width capability, to use for certain parts. It also
can be inferred that this optimization process is most useful for parts constructed of fewer,
thicker beads as that drastically reduces the probing time and thus the overall optimization
process time.

6. Conclusions

In this work an optimization strategy for facing the surfaces of wire-based DED parts
was presented. Geometrics gathered about wire-based DED part surfaces via an on-machine
touch probe were used to construct a digitized part surface using different geometric
surface approximations and then different optimization scenarios were conducted in which
individual optimization objectives of minimizing machining time, cutting force, and surface
roughness were prioritized.

The hybrid approximation was the preferred approximation option as the resultant
toolpath provided a low risk of crashing the tool into unknown geometry and yielded
significant improvements in machining time, surface roughness or cutting force, depending
on the prioritization scenario, which lagged only slightly behind those of the trapezoidal
approximation by around 3%. An analysis of the different optimization prioritization sce-
narios concluded that the prioritization scenarios where machining time and cutting force
were prioritized resulted in poor improvements in the other two optimization objectives of
around 0.1-3.8%, with the machining time prioritization actually resulting in an increase
in surface roughness for all geometric surface approximations. While some production
scenarios may wish to prioritize machining time or cutting force, it is important to realize
the performance trade-offs in the other optimization objectives.

When the overall optimization process time, which considers probing and optimized
machining, was compared to the non-optimized process time for different numbers of
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facing passes and beads per part it was shown that the optimized process time was substan-
tially lower than the non-optimized process time when the number of beads per part was
decreased and when the machining operation was conducted with multiple facing passes.
This means that this optimization process is well suited for parts constructed of a few thick
beads rather than many thinner ones. Finally, the optimization strategy utilized in this
work lends itself to covering a multiplicity of different optimization objectives. The objec-
tive function can be easily expanded to include additional terms that represent different
optimization objectives and thus can be tailored to fit a variety of production scenarios.

There were several limitations to this study that can be improved upon in future work.
First, the present analysis of cutting forces and surface roughness are theoretical, and as
such do not take into account real-world uncertainties that affect the surface roughness and
cutting force calculations. Furthermore, the effects of tool wear have not been included in
the surface roughness calculations. While the wall artifact used in this study is small enough
that tool wear may not be significant, this would not be the case for larger components
or full-scale production. Additionally, the repeatability of the probing operation results
should be investigated since variance in the present probing results would affect both the
final surface approximation and the overall process time. Future research could investigate
the use of other algorithms (e.g., pattern search or genetic optimization) to address the
optimization problem.
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