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Abstract 

Based on its potential to reduce lead times, hybrid manufacturing, which often includes both additive manufacturing and machining 
processes, is receiving more attention from manufacturers as they seek to increase their supply chain resilience and efficiency. A 
new solid-state additive manufacturing, referred to as additive friction stir deposition, has shown the potential to become an 
important process for hybrid manufacturing. To justify selection of a hybrid manufacturing approach, the cost need to be estimated 
for comparison to conventional approaches. Historically, hybrid manufacturing costs have been difficult to estimate due to the 
complexity and diversity of the manufacturing processes. This paper proposes cost models that include additive friction stir 
deposition, structured light scanning, milling, and turning, which can be combined in hybrid manufacturing process planning. 
These cost models are demonstrated in a case study and cost estimates are compared for hybrid and conventional (machining-only) 
manufacturing approaches. The results of the case study show that both labor and material costs must be considered to make an 
informed decision between hybrid and conventional manufacturing approaches. 
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1. Introduction 

With increased attention paid to supply chain resilience 
globally, reducing lead times is becoming progressively more 
important [1]. Greater focus has been placed on hybrid 
manufacturing processes as a potential solution for reducing 
costs related to lead times as well as improving supply chain 
efficiency and agility [2]. In this context, hybrid manufacturing 
represents a combination of two or more conventional 
manufacturing processes [3]. Due to the large number of 
manufacturing processes, it can be difficult to accurately 
estimate part production cost without access to process-specific 

cost models for all manufacturing processes included in the 
hybrid manufacturing plan. 

This paper provides cost models for a hybrid manufacturing 
sequence that includes additive friction stir deposition (AFSD), 
measurement of the preform using structured light scanning 
(SLS), and machining operations. The paper is organized as 
follows. First, the cost models are described. Second, the 
models are implemented using a case study with a 
manufacturing sequence that includes AFSD, SLS, milling, and 
turning for a selected part geometry. Third, a discussion of the 
results is provided. 

The accurate calculation of production costs is vital to the 
success of manufacturing companies [4]. There are various 
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methods and models that are available. Examples include 
traditional cost modeling, activity-based cost modeling (ABC), 
and parametric cost modeling [5]. For hybrid manufacturing, 
activity-based and parametric cost modeling are well-suited to 
describing and predicting the costs incurred by part production 
[6]. Parametric cost modeling uses statistical methods to 
evaluate the relationship between inputs including part size, 
volume, material type, and production cost. It identifies which 
variables most affect production cost [4]. ABC modeling, on 
the other hand, considers the process and process physics [7]. 
This paper develops cost models using the ABC approach. 

ABC was introduced to address the difficulty of attributing 
indirect costs to individual parts [8]. Traditional costing 
methods only evaluate direct labor and materials costs. ABC 
accounts for both direct and indirect costs in part production 
[9]. As noted, ABC is process-dependent and relies on the 
physics of each manufacturing process to predict the 
corresponding costs more accurately [7]. ABC makes it 
possible to attribute indirect costs to each part produced.  

Managerial accounting is chiefly concerned with gathering 
information needed for decision-making [10]. In contrast to 
financial accounting, which is focused on creating financial 
reports for people outside the organization, managerial 
accounting is intended for internal use. Because the cost 
models presented here are useful for internal decision-making, 
principles from managerial accounting were applied. In 
managerial accounting, there is a difference between product 
costs and period costs. Product costs are those directly related 
to production. This could include material, labor, facility rental, 
and utilities, for example. Period costs are those that do not 
directly apply to production, such as insurance, marketing, 
sales, and salaries of support personnel, for example. The focus 
of this paper is estimating the cost to make a specific part using 
hybrid manufacturing. Because period costs do not contribute 
directly to part production costs, they are not considered here. 

Production costs are divided into two categories: direct costs 
and indirect costs. Direct costs are defined as any cost that can 
be directly traced.  Examples include material and labor costs 
since these values are exactly known. In contrast, indirect costs 
are classified as those that are not conveniently traceable, but 
still contribute to the overall manufacturing cost for a selected 
part. Examples include space use, energy use, depreciation, and 
maintenance. Not only are these costs challenging to quantify 
for each part, but they are also subjective, particularly for 
depreciation and maintenance [11]. The exact depreciation 
cannot be known but can still represent a significant cost [6]. 

As stated, hybrid manufacturing is any combination of two 
or more manufacturing processes to produce a single part [3]. 
The processes can be separated into additive and machining 
(subtractive) categories [12], where their combination can 
reduce lead times and improve supply chain efficiency [13]. 
Additive manufacturing processes, such as AFSD, wire arc 
additive manufacturing (WAAM), powder bed fusion (PBF), 
and fused filament fabrication (FFF), increase manufacturing 
agility and flexibility by producing complex geometries 
without dies, molds, or tooling [12][14]. Additive processes 
can also be more energy efficient and reduce material use 
relative to traditional manufacturing processes [15]. 
Subtractive manufacturing, such as CNC milling and turning, 

complements these processes by achieving the surface finish 
and part tolerances that additive processes cannot match, in 
general [16]. Prior research has shown that additive and 
machining processes can be used in a variety of combinations 
[14][17][18][19]. In some instances, measurements are 
incorporated into hybrid manufacturing processes [19], which 
improves process efficiency by the addition of metrology to 
enable coordinate systems transfer between additive and 
machining processes [18][20][21][22]. Additionally, 
measurements can be used to assess the part quality [23]. 

AFSD is a solid-state metal additive manufacturing 
technique first developed by Schultz and Creehan [24]. At that 
time, it was known as friction stir fabrication. AFSD 
publications appeared in 2009 with the dissertation of Gray 
[25], followed by an introductory paper by Schultz and 
Creehan in 2013 [26] and a thesis by Calvert in 2015 [27]. The 
pace of publication increased after 2017 following the first 
peer-reviewed article on AFSD microstructure by Rivera [28]. 
A related AFSD process has also been reported [29]. 

AFSD builds on prior deposition and welding techniques, 
such as friction surfacing (FS) and friction stir welding (FSW) 
[30]. In AFSD, a rotating shoulder applies torque to a square 
feedstock rod which is pressed against a substrate [31]. Friction 
between the feedstock and the substrate causes heating, 
typically to 60% to 90% of the feedstock melt temperature, at 
which point the feedstock begins to flow into a gap between the 
substrate and the base of the tool shoulder. Further friction 
between the base of the shoulder and the feedstock causes 
feedstock-substrate mixing and additional heating. A 
deposition track is formed as the deposition head traverses 
across the substrate. AFSD machines provided by MELD 
Manufacturing (an L3 was applied in this study) use feedstock 
sizes on the order of 10 mm square and 300 mm in length, 
producing approximately 40 mm wide depositions [32]. 
Typical shoulder rotation rates are between 200 rpm and 1000 
rpm, layer thicknesses are a few millimeters or less, and 
traverse and feedstock feed rates approximately 1 mm/s [33].  

As a solid-state method, AFSD presents unique differences 
to melt-based techniques, such as directed energy deposition 
(DED) and laser power bed fusion (LPBF). These rely on the 
melting and solidification of metal powders to form parts. The 
associated phase change can produce defects such as cracking 
and porosity [34][35]. AFSD avoids such solidification 
problems, enabling the printing of non-weldable alloys. A wide 
variety of metals have been successfully deposited by AFSD. 
Aluminum is the most common with demonstrations of 2024 
[36], 2050 [37], 2219 [38], 5083 [39], 6061 [40], 6063 [41], 
7020 [42], 7050 [43], and 7075 [44] alloys. Magnesium alloys 
AZ31B [45] and WE43 [46] have been deposited. Pure copper 
[47], 110 Cu [48], Inconel 625 [49], and stainless steels 304 
[50], 316 [33], and 316L [51] have also been demonstrated. 
There are opportunities for metal matrix composites (MMC) 
enabled by the inherent mixing within the process as 
demonstrated with nanodiamonds [52], graphene nanoplatelets 
[53], and silicon carbide [54]. 

While still a developing technology, there is growing 
interest in large scale production using AFSD. For example, the 
Jointless Hull Program has constructed the largest metal 3D 
printer in the world with AFSD as the enabling technology 
[55]. Widespread use of AFSD within industry will require 
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economic justification and, therefore, cost modelling. The 
intent of this paper is to add the required cost models to the 
literature.  

2. Cost models 

The goal for hybrid manufacturing cost models is to 
accurately predict costs on a part-by-part basis. Because hybrid 
manufacturing is flexible by nature, the cost models must also 
be flexible to best accommodate the various manufacturing 
process combinations. Each of the process models stand alone 
and may be used in any combination or order to estimate cost 
for the selected hybrid manufacturing process sequence.  

The cost model structure includes both direct and indirect 
costs; see Eqs. 1-3, where the total cost can be decreased when 
recycling cost recovery is available. Direct costs are divided 
into material, labor, energy, and tool costs. It’s important to 
note that energy costs are typically classified as indirect costs 
because they can be difficult to quantify. However, since 
energy consumption measurements are becoming more 
common (current measurement to determine power, for 
example), energy use is classified as a direct cost in this study. 
Additionally, tool costs and recycling cost recover are only 
included in the subtractive process cost models. Indirect costs 
include contributions from depreciation, maintenance, and 
space use. 

  (1)
  (2)

  (3) 

Each manufacturing process has a cost model following this 
general format. Because the processes differ, formulas unique 
to each process are included. Cost models for AFSD, SLS, 
turning, and milling are provided in the following sections. 

2.1 AFSD cost model 

The AFSD cost model includes the total build cost, Cbuild, 
the direct build cost, Cb,dir , and the indirect build cost, Cb,ind. 
See Eqs. 4-6. 

 
             (4)

            (5)
            (6)

    
The direct build costs include material costs, Cmat, labor 

costs, Clab, and energy costs, Cenr. Indirect costs include space 
costs Cspace, depreciation costs, Cdep, and maintenance costs, 
Cmaint. See Eqs. 7-10. 
 

           (7) 

              (8)

                      (9)
   

           (10) 

 

Material costs include the deposited material, the baseplate, 
and the cover gas; see Eq. 7, where the deposited material cost 
is the number of feedstock bars, nbar, multiplied by the cost per 
bar, cbar. If the number of feedstock bars is not provided by the 
program generating the deposition paths, nbar can be estimated 
by dividing the part volume, Vpart, by the bar volume, Vbar, 
which is determined from the product of its cross-sectional area 
and length. The baseplate cost, cbaseplate, is its purchase price, 
although it may be reused multiple times. For estimating cover 
gas costs, cgas, tprint represents print (deposition) time, F is a 
correction factor used to account for simplifications that may 
be applied for time estimates (such as infinite acceleration of 
machine axes), Vtnk is the gas cannister volume, cg is the cost of 
the cover gas per unit volume, and Ltnk is the average time a full 
gas tank will last based on the expected application rate. Note 
that cover gas is not required for all alloys systems. When it is 
not required, cgas is zero.  
 

            (11)
    

Labor costs include setup time, tsetup, and supervision time, 
tsup. The sum of these times is multiplied by the labor wage rate, 
rlab, as shown in Eq. 11. Supervision time is typically the same 
as print time. Depending on the amount of attention the 
machine requires, however, the two variables may differ. This 
equation neglects the time to generate the part program that 
defines the machine motions during deposition. Because part 
program generation is a one-time cost, it applies only to the first 
part produced. The associated programming labor cost can be 
prorated over the number of parts produced. In that case, the 
Eq. 11 labor cost model can be updated.  

 
          (12) 

  
The energy cost, Cenr, in Eq. 12 includes cenr-rate, which 

represents the cost per unit of electricity ($/kW-hr, for 
example) and renr represents the rate of energy usage (kW-hr, 
for example).  

Space cost is estimated in Eq. 13, where Uspace,mat represents 
the space used by the stored material, Uspace,mach is the space 
used by the machine, cspace,fix is the fixed cost of the space, and 
pspace,fix is the period of the fixed space payments in units of 
time. In Eqs. 14-16, cequi,i  represents initial cost of the 
equipment (or machine), vsal is the amount the machine could 
be sold for at the end of its useful life (salvage value), and Lexp 
is the life expectancy of the machine. Depreciation cost is 
calculated using the straight-line depreciation method. 
 

        (13)

                (14)

           (15) 

 
Maintenance costs are typically incurred over a set time 

period. To allocate these costs on a per part basis the accrued 
maintenance cost, cmaint, is divided by the time it took to accrue 
this cost, Lmaint. Multiplying this by the print time and time 
correction factor assigns a portion of the costs to that part. See 
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Eq. 15. 
 

2.2 SLS cost model 
 

The structured light scanning (SLS) cost, CSLS, is separated 
into direct, CSLS,dir, and indirect, CSLS,ind, costs. See Eqs. 16-18. 

 
           (16) 

          (17) 
          (18) 

 
Material costs for SLS are comprised of the number, nstick, 

and cost of stickers, cstick, that are often used to serve as 
fiducials that connect one image to the next in the instrument 
software, as well as the amount of spray that is often used to 
reduce reflectively and increase image quality; see Eq. 19 The 
spray mass, mspray, can be calculated by weighing the spray 
container before and after the SLS process. Alternately, the 
mass can be calculated using the part surface area, Apart, volume 
of spray it takes to cover a unit area, Vspray, and the spray 
density, rspray. SLS labor costs include setup time, tsetup, scan 
time, tscan, the number of scans, nscan, time spent analysing and 
adjusting the digital model, tanalysis, cleaning time to remove the 
spray coating, tclean, and the labor wage rate as shown in Eq. 21. 
The energy cost is calculated using Eq. 22. 

 
         (19)

          (20)

        (21)
         (22) 

 
SLS depreciation and maintenance costs are calculated 

using Eqs. 14-15, substituting total scanning time ( 𝑡𝑠𝑐𝑎𝑛  ∙
 𝑛𝑠𝑐𝑎𝑛) for tprint. The SLS space cost is calculated using Eq. 23. 
 

         (23)
   
2.3 Machining cost model 

 
Milling and turning have similar cost models; see Eqs. 24-

26. Both are included because hybrid manufacturing 
applications may include both processes [22].  

 
          (24) 

           (25) 

          (26) 
 

In Eq. 24, Cx denotes the total cost where either mill or turn 
can be inserted in place of x. The same x substitution applies 
for Cx,dir (direct costs) or Cx,ind (indirect costs). Tool cost, Ctool, 
and recycling cost recovery, Precy, if applicable, are included in 
Eqs. 24 and 25. Cmat is the purchase cost of the workpiece 
material when the workpiece is not created by additive 
manufacturing in Eq. 25. If the workpiece was created using 
additive manufacturing, its cost is calculated using another 
model and Cmat is zero for the machining cost calculation. 

 

          (27) 
          (28) 

                    (29)
   

Tool cost is unique to each machining processes. It is 
estimated in Eq. 27 by dividing the total cost of replacing a tool 
by the tool life. The time to change the tool, tch, labor wage rate, 
and the initial purchase price of each tool used, ctool, which may 
be greater than one for a large part with significant material 
removal, make up the tool changing cost. Multiplying this sum 
by machining time, tx, and the time adjustment factor, and 
dividing by the Taylor-type tool life, T, gives the total tool cost. 
The tool life may be estimated using Eq. 28 for milling and Eq. 
29 for turning. In these equations, v is the cutting speed, ft is the 
feed per tooth, b is the axial depth of cut, fr is the feed per 
revolution, and C, p, and q are constants that depend on the 
material-tool-process combination [56].  

 
         (30)

          (31)
  

The mean material removal rate, MRR, is shown in Eq. 30 
for milling and Eq. 31 for turning. This describes the volume 
of material removed per unit time. In these equations, amill is 
the radial depth of cut, b is the axial depth of cut, m is the 
number of teeth, N is the spindle speed, and aturn is the turning 
depth of cut. 

 

            (32)
  

The machining time can be estimated using the computer 
aided manufacturing (CAM) software. If this time is not 
available, Eq. 32 can be applied, where Vrem is the volume of 
material to be removed.  

 
            (33) 

           (34) 
 
When the rate of energy usage cannot be measured, it can 

be estimated using Eq. 34, where Ks is the specific cutting 
force. This estimation is approximate since MRR varies with 
the machining parameters, which vary during a selected part 
program, and there are other electrical components within the 
machine that also consume energy. Equations 33-34 are 
applicable to both milling and turning. 
 

          (35) 
 

The labor cost is calculated using Eq. 35 and applies to both 
machining processes. As mentioned previously, the time spent 
programming the cutting paths has been omitted.  

 

         (36)
     

Space cost is calculated reusing variables from Eq. 13, 
substituting tx for tprint. For the remaining indirect costs 
(maintenance and depreciation) use Eqs. 14-15, again 
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substituting tx for tprint. 
 

          (37) 
          (38) 

 
Some manufacturing facilities collect and recycle metal 

chips produced by the machining processes. Cost recovery 
from these efforts, Precy, is calculated using the mass removed, 
mmat,rem, the percent of the material that is reclaimed, pcoll, and 
the price per mass at which it can be sold, rsell. If the mass of 
the material to be removed is not readily available, it can be 
estimated using the volume and density, mat,rem, of the material 
removed. Equations 37-38 apply to both turning and milling 
processes.  
 
3. Case study  
 

A hexagon-cylinder geometry (see Fig. 1) was selected as 
the case study subject since its hybrid manufacturing process 
sequence includes AFSD, SLS, three-axis CNC milling, and 
two-axis CNC turning. It can also be made using three-axis 
milling only, which provides a cost comparison for evaluating 
the potential benefits of hybrid manufacturing process. For this 
case study, a physical part was produced using hybrid 
manufacturing methods and digital tool paths were created for 
three-axis milling the part from wrought stock to provide a cost 
comparison.  

Fig. 1. The hexagon-cylinder produced using hybrid manufacturing (AFSD, 
SLS, milling, and turning) with a 150 mm (5.9”) machinist scale. 

 
 For the hybrid manufacturing process, the hexagon-

cylinder is made from 6061-T6 aluminum bars deposited by 
AFSD. The corresponding preform geometry was measured 
using SLS to enable machining tool paths to be generated using 
CAM software. Both milling and turning were applied to 
achieve the final part dimensions. This section details the 
manufacturing process and application of the cost models. A 
description of the tool paths and application of the milling cost 
model for the milling-only solution is also provided.  

 
3.1 Hybrid manufacturing 
 
3.1.1 AFSD  

 
AFSD of the hexagon-cylinder geometry implemented 

alternating deposition and machining steps in a two-sided 

strategy. The hexagon was first deposited on one side of the 
baseplate. After scanning, the hexagon was then machined, 
including the incorporation of the baseplate into the part. It was 
then inverted for the subsequent cylinder deposition on the 
bottom of the hexagon (the other side of the original baseplate).  
After the cylinder deposition and scanning, turning was used to 
obtain the final cylinder geometry and surface finish. 
 

Fig. 2. Toolpaths with feedstock reload locations are shown for the hexagon. 
 

Fig. 3. Toolpaths and feedstock reload locations are shown for the (a) 
cylinder with (b) an expanded view. 

 
Two AFSD part programs were required. These were 

programmed manually using MATLAB™. Because the MELD 
Manufacturing L3 machine used a discrete feed approach 
where each feedstock bar was individually loaded during 
deposition, parameterized codes were developed to use 
commanded material and tool feed rates to automatically track 
material use along individual toolpaths for the hexagon and 
cylinder. This identified stopping locations throughout each 
toolpath where feedstock reloading was completed. Once 
reload locations were identified, appropriate reload cycles were 
inserted into the part program. Hexagonal and circular 
toolpaths were helically interpolated at a constant slope to 
minimize process transients and flash accumulation associated 
with abrupt layer changes. Examples of deposition stop and 
restart locations as well as the helical toolpaths are shown in 
Figs. 2 and 3.  
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For the AFSD process, wrought 6061-T6 aluminum bars 
(9.5 mm × 9.5 mm × 508 mm) were used. The 6061-T6 
aluminum baseplate dimensions were 304.8 mm × 304.8 mm × 
25.4 mm. A flat shouldered H-13 steel tool with 9.5 mm by 9.5 
mm square cross section bore for feedstock deposition was 
selected. The deposition initiation routine following each 
feedstock reload was operator guided. Each time plastic flow 
of the feedstock was reached, and steady-state deposition 
ensued, machine control was transferred to the machine 
controller. In the hexagon part programs, the first layer spindle 
speed was 300 rpm, while the spindle speed was 160 rpm for 
all subsequent layers (due to heat accumulation). The material 
feed rate was 139. 7 mm/min, and the tool feed rate was 132.1 
mm/min. In the cylinder part program, the first layer spindle 
speed was 275 rpm, while the spindle speed was 115 rpm for 
all subsequent layers. The same material and tool feed rates as 
the hexagon deposition were commanded. 
 

Fig. 4. Hexagon preform (a) during and (b) after deposition. 
 
The hexagon preform was completed by aligning the 

baseplate with the machine table, clamping the baseplate to the 
table using four toe clamps, and then locating the work 
coordinate system at the substrate’s top corner using an edge 
finder attached to the machine spindle. The hexagon preform 
was then deposited by interpolating a single-track deposit along 
a toolpath that increased by a constant increment with each 
completed perimeter, producing non-planar layers with a 
constant 2 mm layer height. This approach was followed until 
the desired preform build height was reached. Photographs of 
the hexagon deposition are displayed in Fig. 4. 

The preform was removed from the AFSD machine and 
scanned. This scan was imported into the CAM software and 
the origin was set at the baseplate corner with coordinate 
directions aligned to the baseplate sides. The tool paths were 
generated using this coordinate system. The preform was then 
transferred to a three-axis CNC milling machine (Haas VF-4) 
and standard probing routines were used to align the machine 
coordinate system to the baseplate and part program coordinate 
system. The hexagon preform was then machined using face 
milling and contouring operations. 

After machining the hexagon, the cylinder deposition was 
completed by returning the part back to the AFSD machine. For 
the second side deposition, the part was inverted and clamped 
in a vise using the hexagon flats. The spindle-mounted edge 
finder was used to locate the hexagon center and the work 
coordinate system was set at this location. The cylinder was 
then deposited using this coordinate system. A helical path was 
followed to reduce process transients while maintaining a layer 

height of 2 mm. The deposition process is shown in Fig. 5. The 
cylinder was built to a height sufficient to completely contain 
the final part geometry. 
 

Fig. 5. The cylinder preform is displayed (a) during and (b) after deposition. 
 

The hexagon side of the preform required 39 bars 
(approximately 4.89 kg of aluminum). The hexagon deposition 
time was 4.2 hours. For the cylinder side, 29 bars were required 
(approximately 3.64 kg of aluminum). The deposition time for 
the cylinder was 3.6 hours. This includes a 4-minute reload 
cycle for each bar. 
 
Table 1. AFSD cost model variables, values, and units for the hexagon-
cylinder. 

Variable Value  Units  
nbar 68 - 
cbar 1.59 $ 
cbaseplate 110.65 $ 
cgas - $/m3 

tsetup 18 min 
tsup 469 min 
rlab 40 $/hr 
tprint 469 min 
F 1 - 
cenr-rate 0.12 $/kWh 
renr 7 kW 
cspace,fix 75,000 $ 
pspace,fix 1 yr 
Uspace,mach 46.82  m2 

Uspace,mat 4.45 m2 
Uspace,tot 1393 m2 
cequi,i 600,000 $ 
vsal 0 $ 
Lexp 10 yr 
cmaint,p 0 $ 
cmaint,t 8,203 $ 
lmaint,p 0 - 
lmaint,l 1 yr 

 
To populate the AFSD cost model, the parameters in Table 

1 were applied. The deposition times and material use for both 
depositions were combined into a single value to calculate a 
total AFSD cost for the hexagon-cylinder. The resulting AFSD 
cost estimate is $613.32. A summary is provided in Table 2. 

 
Table 2. AFSD cost model summary. 

Cost Value  
Direct build costs $550.00 
   Material cost $218.77 
   Labor cost $324.66 
   Energy cost $6.57 
Indirect build costs $63.32 
   Space cost $2.46 
   Depreciation cost $53.54 
   Maintenance cost $7.32 
Total cost $613.32 

(a)

(b)



 Nathan Wilson / Manufacturing Letters 00 (2023) 000–000  7 

  
3.1.2 SLS 
 

In this study, a GOM ATOS Q scanner and GOM Inspect 
professional software were used to create scans of the part 
geometry after each deposition. A scan of the AFSD preform 
was aligned with the desired CAD geometry using an 
automated best fit algorithm within the GOM Inspect software. 
See Fig. 6. Once aligned, a coordinate system was assigned to 
the preform for machining tool path generation. Based on the 
process plan, two scans were required: one after the first 
deposition (hexagon) and another after the second deposition 
(cylinder). Additional details are provided in Dvorak et al. [19]. 
 

Fig. 6. A structured light scan of the hexagon preform (deposited on a 
baseplate) was aligned to the CAD model to define the machining coordinate 

system. 
 

Like the AFSD cost model, totals from both SLS operations 
were combined to calculate the SLS cost. The values are 
provided in Table 3. Applying Eqs. 16-23 resulted in the total 
SLS cost of $175.33. Labor is a large fraction of this cost as 
seen in Table 4. 

 
Table 3. SLS cost model variables, values, and units for the hexagon-cylinder.  

Variable Value  Units 
nstick 53+33 - 
cstick 0.11 $ 
mspray 
cspray 
tsetup,SLS 
tscan 
nscan 
tanalysis 
tclean 
rlab 
cenr-rate 
renr 
cspace,fix 
pspace,fix 
Uspace,mach 
Uspace,tot 
cequi,i 
vsal 
Lexp 
cmaint,p 
cmaint,t 
lmaint,p 

200 
0.0875 
60 
0.5 
33+45 
60 
60 
40 
0.3 
0.12 
75,000 
1 
18.95 
1393 
70,000 
0 
8 
0 
0 
0 

g 
$/g 
min 
min 
- 
min 
min 
$/hr 
kW 
$/kWh 
$ 
yr 
m2 

m2 

$ 
$ 
yr 
$ 
$ 
- 

lmaint, 0 yr 
 

Table 4. SLS cost model summary. 
Cost Value  
Direct build costs $172.98 
   Material cost $26.96 
   Labor cost $146.00 

   Energy cost $0.02 
Indirect build costs $2.35 
   Space cost $0.76 
   Depreciation cost $2.28 
   Maintenance cost $0.00 
Total cost $175.33 
  

3.1.3 Milling 
 

All three-axis CNC milling operations used a 76.2 mm 
diameter face mill (Kennametal M4D300L 1108S 100L 175). 
The operating parameters were: 5115 rpm spindle speed, 3302 
mm/min roughing feed rate, and 1397 mm/min finishing feed 
rate. The milling operations included: 1) facing the hexagon’s 
top surface; and 2) contouring of the exterior and interior 
preform sidewalls to the finished hexapod dimensions. The 
hexagon was then inverted, and the milling operations 
included: 1) facing the exposed surface of the baseplate; and 2) 
contouring the baseplate edges to match the hexagon outer 
dimensions. Toolpaths for both operations are shown in Fig. 7.  
Special consideration was taken to ensure the hexagon of the 
first operation aligned with the second by milling in the side of 
the build plate slightly in the first operation and probing this 
milled section once the part was inverted. The machining 
sequence is shown in Fig. 8. 
 

Fig. 7. Machining toolpaths for (left) hexagon and (right) baseplate after 
inverting the part. 

 

Fig. 8. (Left) hexagon milling with face mill and (right) inverted part after 
milling was complete. 

 
Table 5. Milling cost model variables, values, and units for the hexagon-
cylinder (produced by hybrid manufacturing). 

Variable Value  Units  
Cmat 0 $ 
ctool 300 $ 
tch 
C 
v 
n 
p 
ft 
q 
Vrem 
a 
b 

10 
17,500 
1224 
0.025 
0.015 
0.122  
0.015 
- 
63.5  
25 

min 
- 
m/min 
- 
- 
mm/min 
- 
mm3 

mm 
mm 
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m 
N 
tsetup 
tsup 
rlab 
tmill 
F 
cenr-rate 
renr 
cspace,fix 
pspace,fix 
Uspace,mach 
Uspace,tot 
cequi,i 
vsal 
Lexp 
cmaint,p 
cmaint,t 
lmaint,p 
lmaint,l 
pcoll 

4 
5115 rpm 
30 min 
35 
40 
35 
1.5 
0.12 
15.5 
75,000 
1 
24.71 
1393 
78,295 
0 
10  
0 
2,500 
0 
1  
0 

teeth 
rpm 
min 
min 
$/hr 
min 
- 
$/kWh 
kW 
$ 
yr 
m2 

m2 

$ 
$ 
yr 
$ 
$ 
- 
yr 
% 

  
The values for the milling cost model are provided in Table 

5. The resulting cost estimate for milling the hexagon portion 
of the part is $58.90. Again, labor is the largest cost. The cost 
summary is shown in Table 6. 

 
Table 6. Milling cost model summary. 

Cost Value  
Direct build costs $57.74 
   Stock material cost $0.00 
   Tool cost $1.11 
   Labor cost $55.00 
   Energy cost $1.63 
Indirect build costs $2.35 
   Space cost $0.13 
   Depreciation cost $0.78 
   Maintenance cost $0.25 
Recycling cost recovery $0.00 
Total cost $58.90 
  

 

Fig. 9. (Left) preform clamped in the machine spindle prior to turning and 
(right) after turning operations for both the outside and inside diameters were 

completed. 
 
3.1.4 Turning 
 

CNC turning was used for the cylindrical section of the 
preform. A Haas ST-15 CNC lathe was used to machine the 
outside and inside diameters of the preform. The preform was 
clamped in the spindle using a three-jaw chuck and the inside 
surfaces of the hexagon; see Fig. 9. The outside diameter and 
the front face were turned using a VBMT331 insert (Sandvik 
7861072) with a cutting speed of 243.8 m/min and a roughing 
feed rate of 0.254 mm/rev. The roughing depth of cut was 0.89 
mm. A cutting speed of 243.8 m/min and a feed rate of 0.0508 
mm/rev were used for the finishing pass. The finish pass depth 
of cut was 0.13 mm. For the boring operation to machine the 

internal diameter, a CNGP432 (Kennametal 1785718) insert 
was used. The same feeds and speeds as well as depths of cut 
were used to machine the internal geometry of the preform. The 
finished part geometry is shown in Fig. 9 after the turning 
operations were completed. 

 
Table 7. Turning cost model variables, values, and units for the hexagon-
cylinder. 

Variable Value  Units  
Cmat 0 $ 
ctool 20 $ 
tch 
C 
v 
p 
fr 
q 
Vrem 
a 
tsetup 
tsup 
rlab 
tturn 
F 
cenr-rate 
renr 
cspace,fix 
pspace,fix 
Uspace,mach 
Uspace,tot 
cequi,I 
vsal 
Lexp 
cmaint,p 
cmaint,t 
lmaint,p 
lmaint,l 
pcoll 

10 
4200 
243.84 
1 
0.25 
1.5 
- 
0.89  
60  
90  
40 
90 
1.5 
0.12 
14.9 
75,000 
1 
19.69 
1393 
59,195 
0 
10 years 
0 
1,000  
0 
1  
0 

min 
- 
m/min 
- 
mm/rev 
- 
mm3 
mm 
min 
min 
$/hr 
min 
- 
$/kWh 
kW 
$ 
yr 
m2 

m2 
$ 
$ 
yr 
$ 
$ 
- 
yr 
% 

 
Table 8: Turning cost model summary. 

Cost Value  
Direct build costs $157.91 
   Stock Material cost $0.00 
   Tool cost $26.13 
   Labor cost $130.00 
   Energy cost $1.79 
Indirect build costs $2.12 
   Space cost $0.34 
   Depreciation cost $1.52 
   Maintenance cost $0.26 
Recycling cost recovery $0.00 
Total cost $160.03 
  

The values for the turning cost model are provided in Table 
7. The total cost was $160.02 with significant contributions 
from both labor and tool costs. The cost summary is given in 
Table 8.  
 
3.1.5 Total 
 

Combining the costs from the four processes results in a 
total of $1,007.58. AFSD contributed 61% of the cost. Table 9 
lists the costs by manufacturing process. Among cost 
categories, the largest contributor was labor, which accounted 
for 65% of the $1007.58. The next largest category was 
material, which constituted 24% of the total cost; see Table 10. 
 
Table 9. Costs listed by manufacturing process. 

Manufacturing process Estimated cost  % of total 

AFSD $613.32  61% 
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SLS $175.34  17% 

Milling $58.90  6% 

Turning $160.04  16% 

Total $1,007.60  100% 
 
Table 10. Costs listed by spend category. 

Category 
 

Cost % of total 

Material 
 

$245.73  24% 

Tool 
 

$27.24  3% 

Labor 
 

$655.66  65% 

Energy 
 

$10.01  1% 

Space 
 

$3.01  0% 

Depreciation 
 

$58.12  6% 

Maintenance 
 

$7.83  1% 

Total  
 

$1,007.60  100% 
 
3.2 Conventional three-axis milling  
 

Using the same milling parameters, machine, and tools 
selected for the milling portion of the hybrid manufacturing 
process, tool paths were created to simulate the production of 
the hexagon-cylinder by three-axis CNC milling from wrought 
stock with dimensions of 254 mm × 215.9 mm × 228.6 mm 
(10” × 8.5” × 9”). The machining process plan included two 
setups. The hexagon was machined in the first setup and the 
cylinder side was machined in a second setup.  

The first setup used an origin set at the bottom center of the 
wrought stock face. In this orientation, the hexagon top, 
outside, and interior were machined. The toolpaths are shown 
in Fig. 10 (left).  

The workpiece was inverted for the second setup, so that the 
top face of the hexagon was in contact with the machine table. 
In this orientation, the origin was set at the top center as shown 
in Fig. 10 (right). Using the same tool and parameters as the 
previous setup, facing and contouring operations were defined 
to achieve the final external and internal dimensions of the 
cylinder.  
 

Fig. 10. (Left) The first setup showing milling tool paths to machine the 
hexagon geometry from wrought stock. (Right) The second setup showing 

milling tool paths to machine the cylindrical geometry. 
 
Since the same parameters were used to generate the Fig. 10 

tool paths, the inputs for the milling cost model remain the 
same as the hybrid manufacturing setup. The exceptions are 

milling time, since the entire part is machined from solid 
wrought stock, and material cost for the solid wrought stock. 
Using the parameters outlined in Table 11, the cost for 
producing the part using three-axis milling only is $833.60. The 
summary is provided in Table 12. 

 
Table 11. Milling cost model variables, values, and units for the hexagon-
cylinder (produced by three-axis milling) 

Variable Value  Units  
Cmat 698 $ 
ctool 300 $ 
tch 
C 
v 
n 
p 
ft 
q 
Vrem 
a 
b 
m 
N 
tsetup 
tsup 
rlab 
tmill 
F 
cenr-rate 
renr 
cspace,fix 
pspace,fix 
Uspace,mach 
Uspace,tot 
cequi,i 
vsal 
Lexp 
cmaint,p 
cmaint,t 
lmaint,p 
lmaint,l 
pcoll 

10 
17,500 
1224 
0.025 
0.015 
0.122 mm/min 
0.015 
- 
63.5 (-) 
25 
4 
5115 rpm 
30 min 
104 
40 
104 
1.5 
0.12 
15.5 
75,000 
year 
24.71 
1393 
78,295 
0 
10 yr 
0 
2,500 
0 
1 yr 
0 

min 
- 
m/min 
- 
- 
mm/min 
- 
mm3 

mm 
mm 
teeth 
rpm 
min 
min 
$/hr 
min 
- 
$/kWh 
kW 
$ 
yr 
m2 

m2 

$ 
$ 
yr 
$ 
$ 
part 
yr 
% 

 
Table 12. Conventional milling summary. 

Cost Value  
Direct build costs $830.14 
   Stock material cost $698.00 
   Tool cost $3.30 
   Labor cost $124.00 
   Energy cost $4.84 
Indirect build costs $3.46 
   Space cost $0.39 
   Depreciation cost $2.33 
   Maintenance cost $0.74 
Recycling cost recovery $0.00 
Total cost $833.60 
  

4. Discussion 
 

For the case study, three-axis milling was less expensive 
than hybrid manufacturing. Though the hybrid approach 
reduced material cost by 65%, the conventional method cost 
$173.98 less. This difference is due to the higher labor costs for 
hybrid manufacturing. In this case, the hybrid approach is more 
sensitive to labor rates, while three-axis milling is more 
sensitive to material cost. As labor rates increase, so will the 
difference between hybrid and conventional manufacturing 
methods. However, the cost difference is not the only 
consideration when selecting the approach. 

One aspect not examined here is lead time. Though not 
captured in this cost model, lead time can be directly related to 
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costs [57]. For larger parts, such as the hexagon-cylinder, it is 
often difficult to find a supplier that can source stock material 
large enough to completely contain the final part and enable the 
machining-only solution. For example, a regional material 
supplier was contacted for the required 254 mm × 215.9 mm × 
228.6 mm wrought stock, but that size was not available and no 
quote was provided. In this instance, the machining-only part 
could not have been produced in the same time frame as the 
hybrid approach part. Even if a supplier is identified, lead times 
can still be high. This reduces the amount of product a company 
can sell, delays projects, and prevents businesses from meeting 
customer requirements. Hybrid manufacturing reduces lead 
times that may occur when using conventional approaches.  

This case study does not definitively determine whether 
hybrid manufacturing or conventional approaches are 
preferable. Because there is variation between machines, 
company capabilities, geographic location, wage rates, and part 
requirements, for example, costs can vary significantly. This 
paper provides a framework for calculating manufacturing 
costs and identifies which contributions most strongly affect 
hybrid manufacturing costs. It also provides a basis for 
comparing hybrid and conventional manufacturing approaches. 
The MATLAB™ m-files used to calculate the process costs are 
available for download [58]. 

Future work will include adding cost models for powder bed 
fusion, fused filament fabrication, and wire arc additive 
manufacturing. Additional manufacturing processes cost 
models such as wire EDM, heat treatment, and water jetting 
would increase the cost model portfolio. Batching capabilities 
are another potentially important cost model that could be 
explored [12].  
 
6. Conclusions 
 

This paper described cost models for additive friction stir 
deposition, structured light scanning, CNC milling, and CNC 
turning operations. It implemented the cost models for a hybrid 
manufacturing case study to produce a hexagon-cylinder part 
using the four processes. It also provided a comparison 
between the costs for hybrid manufacturing and conventional 
(machining-only) approaches. It was observed that the hybrid 
manufacturing approach was more labor rate-dependent, while 
the conventional approach was more material cost-dependent.  
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