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A B S T R A C T   

This paper describes a method for establishing and transferring coordinate systems through multiple hybrid 
manufacturing operations. To demonstrate the approach, an additively manufactured preform is finish machined 
to produce the desired part geometry. A set of external fiducials is temporarily attached to the preform using a 
polymer frame. The assembly is inspected using a structured light scanner and the resulting scan is used to define 
an alignment and coordinate system which respects the physical requirements of the manufacturing processes. 
The coordinate system is then used to program subsequent machining operations. Once the part is set up on the 
milling machine, the fiducials are used to establish the shared coordinate system for the machining operation 
using standard on-machine probing. After the part is machined, the same fiducial/scanning process is repeated 
for a second machining operation to complete the part (i.e., some features could not be accessed in the first 
setup). Finally, the method performance is assessed.   

1. Introduction 

Hybrid manufacturing strategies are receiving increased attention, 
both in research and production, due to their ability to combine metal 
deposition with machining to produce complex part geometries with the 
required surface finish and geometric accuracy. The deposition and 
machining steps can occur in series or iteratively on a single machine or 
on separate machine tools. A persistent challenge in all cases is identi
fying the printed part geometry in the machining work coordinate sys
tem (WCS), or identifying the partially machined part geometry in the 
printing coordinate system for iterative approaches. Primary issues 
when establishing the shared coordinate systems include: 1) the non- 
prismatic geometries which are often implemented in additive designs 
to limit part count and minimize material use; and 2) variations in the 
printed part geometry and surface finish inherent to additive processes. 
The former makes datum identification difficult. The latter affects the 
actual radial and axial depths of cut during machining, which in turn, 
affect the machining stability and accuracy [1]. 

In this paper, the printed part geometry (preform) is measured by 
structured light scanning and the subsequent digital representation is 
used as the stock model for the computer-aided manufacturing (CAM) 
toolpath generation. The innovation is the inclusion of fiducials 

(precision spheres) and scanning targets that are located within the scan 
volume, but off the printed part. The fiducials and targets are mounted 
on a fused filament fabrication (FFF) polymer frame that is attached to 
the preform base plate. The fiducials enable the coordinate system 
definition, while the targets support the structured light scanning pro
cess. The process steps are detailed for a selected part, including 
measuring the preform geometry together with the fiducials and targets, 
identifying the optimal position of the computer-aided design (CAD) 
geometry within the preform, establishing the WCS by locating the 
precision spheres using the spindle-mounted probe, applying the WCS in 
the machining operations, repeating the process for two different 
machining setups on the same part (two setups were required to provide 
access to all part features using the three-axis milling machine), and 
evaluating the results. Conclusions and next steps are finally discussed. 

2. Prior research 

This project applies structured light scanning as the metrology in
strument to simultaneously measure preform geometry and fiducials 
(precision spheres) in order to transfer the coordinate frame from the 
deposition to machining steps. Therefore, background information on 
hybrid manufacturing, structured light scanning, and fiducial markers is 
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provided for the interested reader. 

2.1. Hybrid manufacturing 

Webster et al. recently defined hybrid manufacturing as an “in-situ or 
series combination of an additive manufacturing process and secondary 
energy sources in which physical mechanisms are fundamentally 
altered/controlled to affect the resulting properties of the material and/ 
or part” [2]. They describe the relationships between mechanical 
properties; physical mechanisms, such as melt pool dynamics and 
thermal gradients; energy source; and the associated hybrid 
manufacturing process, including AM + X processes, where X (e.g., 
milling) is used to provide the required surface finish and geometry. 
Several authors have reported strategies to implement AM + machining 
processes. 

Liou et al. described the combination of powder-based laser metal 
deposition and computer numerically controlled (CNC) milling in a 
single machine [3]. They defined an automated process planning 
sequence composed of determining the base face (which functioned as 
the machining fixture), extracting the part skeleton, decomposing a part 
into subparts, determining build sequence and direction for subparts, 
checking the feasibility of the build sequence and direction for the 
machining process, and optimization of the deposition and machining 
steps. Yamazaki described the combination of laser metal deposition, 
turning, and milling capabilities in a single, commercial machine [4]. 
Advantages were increased functionality and flexibility for small lot 
production runs. Disadvantages include heat transfer into the machine 
structure from the laser deposition, which can limit accuracy, and the 
combination of powder (for deposition) and coolant (for machining) in 
the same work volume. 

Chen discussed the capabilities of hybrid manufacturing while 
considering issues with CAD, computer-aided process planning (CAPP), 
and CAM for automated process planning [5]. Similarly, Waldschmidt 
et al. described an automated post-processing method for additively 
manufactured preforms [6]. The focus was specification of the clamping 
arrangement required by the printed part geometry and an automated 
CAM process planning method for three-axis milling operations. 

2.2. Structured light scanning 

A structured light scanning system is composed of a projector, which 
shines the selected structured pattern onto the test object, and one or 
more cameras then capture(s) the reflected, distorted pattern (caused by 
the object shape). The object shape is identified by analyzing the 
distortion after the system is calibrated and the spatial relationship be
tween the projector and camera(s) is known. It has become a well- 
established instrument for manufacturing environment measurements. 

As with any metrology system, the accuracy of structured light 
scanning systems has been assessed using various artifacts. Bernal et al. 
performed structured light scanning measurements of a calibration plate 
and gauge blocks with different sizes [7]. Key factors that were identi
fied included the object and scanner temperature, optical characteristics 
of the object, vibrations during data collection, object orientation, 
number of images, and data analysis. Martínez-Pellitero et al. used an 
artifact composed of cylinders, spheres, and prismatic volumes to eval
uate the performance of structured light scanners [8]. The artifact 
reference measurements were provided by a coordinate measuring 
machine (CMM). Ghandali et al. presented an artifact that includes 
vertically stacked 2D sphere plates with spacers and kinematic couplings 
to enable repeatable assembly [9]. The design created a 3D lattice that 
was measured to determine not only the distance between the centers of 
sphere pairs, but also the sphere sizes and forms. CMM measurements 
were compared to measurements performed using a structured light 
scanner. Mendricky used an artifact composed of multiple precision 
spheres with different diameters located in a single plane to evaluate 
structured light scanning performance [10]. McCarthy et al. described 

an aluminum alloy freeform artifact that was used to complete a mea
surement comparison between a CMM and three optical systems, 
including laser triangulation scanning, photogrammetry, and structured 
light projection [11]. Acko et al. tested tetrahedron-based artifacts for 
evaluating the measurement performance of optical 3D devices [12]. 
Moroni et al. described artifact-based evaluation of 3D optical 
measuring instruments that include a rotational axis. The artifacts were 
composed of a base plate with spheres positioned at different distances 
and heights. The artifacts were calibrated and then used to determine 
length measurement errors and axis of rotation errors [13]. 

2.3. Fiducial markers 

Fiducial markers are routinely used in measurement applications. 
Their implementation spans the medical, microelectronics, and 
manufacturing fields. In medical applications for tumor treatment, 
fiducial markers are multi-millimeter-scale metal (typically gold) 
spheres, coils, or cylinders that are placed in or near a tumor to guide the 
radiation placement [14]. Naidu et al. applied endoscopic ultrasound- 
guided fiducial placement to compensate for tumor motion during 
respiration by tracking and determining tumor boundaries during ste
reotactic body radiotherapy [15]. Khullar et al. studied ultrasound 
techniques during fiducial marker deployment to mitigate the risk of 
marker migration and potential organ injury. This supported computed 
tomography-guided fiducial marker placement that is used to improve 
the accuracy of radiation treatment for liver tumors [16]. Ohta et al. 
used a gold fiducial marker to reduce treatment margins in external 
beam radiotherapy for prostate cancer by tracking interfraction motion. 
The marker's coiled shape was designed to avoid migration [17]. 

In other medical applications, Korte et al. used fiducial markers 
during robotic path planning training for surgery. The marker positions 
were recorded during procedure attempts and used to orient the recor
ded path relative to the patient's anatomy [18]. Also, Unkovskiy et al. 
used a handheld structured light scanner to measure auricles (visible 
portion of the external ear) with polymer fiducial spheres attached. The 
scanned digital model was then printed using FFF, selective laser sin
tering (SLS), and stereolithography (SL). Measurements of the in vivo, 
digital model, FFF, SLS, and SL auricles were compared using the fidu
cial spacing [19]. 

In printed circuit board (PCB) design, round copper markers are used 
as reference points for pick and place assembly. The markers enable pick 
and place machines to identify the PCB orientation and its surface mount 
components [20]. 

For manufacturing, fiducials have been used to provide machine 
calibration and part location capabilities. Smith et al. demonstrated the 
fiducial calibration system (FCS) with the intent to transfer the accuracy 
of a coordinate measuring machine to the shop floor for high-speed 
machining. In this approach, fiducials were attached to the large, 
monolithic workpiece and measured in a metrology environment. They 
were then remeasured in the manufacturing environment. A trans
formation was performed on the CNC program to alter the original 
programmed coordinates such that the machined features were correct 
regardless of the manufacturing environment and/or machine tool er
rors [21–22]. Wang et al. described the similar fiducial-aided calibration 
and positioning (FACP) concept. In this approach, the measured fidu
cials locations in the machining environment were fit to the positions of 
the fiducials in the CAD environment, which was obtained using a 
separate measuring instrument such as a coordinate measuring machine. 
The intent was to calibrate the cumulative errors and compensate by 
modifying the tool path [23]. 

Similar strategies have been implemented in additive 
manufacturing. Ferrucci et al. used inclined, cylindrical protrusions as 
reference fiducials in the design of cylindrical additively manufactured 
test coupons. Their intent was to align ex situ inspection data to a part's 
build geometry [24]. Boulger et al. used fiducials to locate layered 
surfaces on additively manufacturing polymer structures using a laser 
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tracker. This provided the ability to monitor the structure during 
fabrication and assess the part health [25]. Mathur et al. recently pro
posed an augmented reality (AR) framework and smartphone app as an 
alternative to conventional inspection for additively manufactured parts 
using integrated markers. The minimum fiducial pattern size produced 
by the deposition process that yielded the highest number of detectable 
features was studied [26]. 

This paper builds on these prior efforts by evaluating a method for 
establishing and transferring coordinate systems between hybrid 
manufacturing operations. The steps followed in this study are:  

1. an aluminum preform is produced using additive manufacturing  
2. a set of external fiducials is temporarily attached to the preform 

using a polymer frame  
3. the assembly is measured using structured light scanning  
4. the scan is used to define an alignment and coordinate system  
5. the coordinate system is used to program machining operations for 

two orientations (top and bottom of the preform)  
6. the fiducials are used to establish the machining coordinate system 

using standard on-machine probing  
7. the preform is finish machined in two operations (top and bottom 

features). 

3. Initial scanning 

The aluminum alloy preform was manufactured by MELD 
Manufacturing Corporation using their solid-state additive process. The 
preform and the desired final geometry are shown in Fig. 1. Due to the 
internal geometry, this preform must be machined from both sides to 
produce the finished part. 

The preform was first scanned to evaluate its accuracy and ensure 
that the nominal part design was contained within the preform. This was 
required to confirm it is possible to produce the desired geometry from 
the preform solely by removing material. Preform measurements were 
performed with a GOM ATOS Q structured light scanner. Ten scans were 
performed at different angles around the part so that the full geometry 
was captured. 

The GOMInspect software was used to stitch the individual scans into 
a single mesh. The CAD model of the target part was imported and 
manually positioned relative to the scanned model to validate that the 
part was contained inside of the preform, as shown in Fig. 2. This step is 
referred to as an alignment. 

While it may be confirmed that the CAD model is contained within 
the preform, this is not sufficient to guarantee that the final part ge
ometry can be machined from the preform. In order to ensure that the 
part can actually be made from the preform, an alignment must be found 
which satisfies the following three criteria:  

1. The alignment must be transferrable. In other words, the alignment 
must be identifiable both during the initial process planning (e.g., in 
the CAM software used to program the toolpaths) and on the ma
chine tool to ensure that they are operating in the same coordinate 
system. This is difficult for the selected preform because no clear 
reference features are available for locating the as-printed part on the 
milling machine.  

2. The alignment must be physically attainable on the milling machine. 
If the part cannot be set up on the machine in the same orientation 
specified by the alignment, then the alignment is not physically 
attainable. The exact requirements will depend on what machine is 
being used. For this demonstration, a three-axis, vertical spindle CNC 
milling machine was used, which included three translational axes, 
but no rotational axes. This limited the allowable part orientation 
angles.  

3. The part must be fully contained within the preform while at the 
alignment. This is a stricter requirement than simply being contained 
inside the preform because, as discussed in criterion 2, not all 
alignments are physically possible. If the only alignments where the 

(a) (b) (c)

Fig. 1. (a) Preform printed using MELD solid-state additive process. The build plate is approximately 150 mm × 150 mm × 6 mm in size. (b) Desired CAD geometry. 
(c) CAD cross section showing the internal geometry. 

Fig. 2. Initial preform scan. The green dots are scanning targets used by the 
software to stitch together multiple scans into a single mesh. The nominal CAD 
has been manually positioned inside of the scanned geometry to check if the 
part can be produced from the preform. However, by itself this does not 
guarantee that the part can actually be produced from this preform. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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part is contained are unattainable, then the part cannot be produced 
from the given preform. 

Fig. 3 demonstrates three potential alignments to illustrate the 
criteria. Note that all three alignments fail the first criteria: even if the 
alignment is both attainable and contains the nominal part design, it is 
not possible to transfer the alignment to the machine tool since there are 
no fiducials on the part. 

4. External fiducial frame 

To address the alignment and coordinate system transfer challenges, 
an external fiducial frame was designed using the initial scan data and 
fabricated using FDM with ABS material. This frame had two purposes. 
First, it provided a set of fiducials (spheres) that could be located both in 
the scan and on the milling machine. Second, it included targets which 
were used by the scanning software to stitch together multiple scans. 
This eliminated the requirement to place targets on the part or base 
plate. The fiducial frame was attached to the preform using adhesive. 

The fiducials were 25.4 mm diameter satin-finish spheres designed 
for optical scanning calibration (Bal-tec SAT–B100). Three spheres 
were attached to the periphery of the fiducial frame using thin posts. It 
was not necessary to specifically locate the spheres since their positions 
were measured using the structured light scanner. However, it was 
required that they were accessible by both the structured light scanner 
(line-of-site imaging) and the spindle-mounted probe on the milling 
machine. The initial preform scan was used to confirm the design. Fig. 4 
shows the clearance around the spheres for the machine's probe tip. The 
probing sequence required access to the four quadrants on its equator 
and its apex. The height/diameter of the preform was also checked to 
make sure that the probe was long enough to reach the spheres without 
collision. 

The scanning targets were placed on the faces of four dodecahedrons. 
This shape was chosen because it ensures that multiple targets were 
visible from any camera angle. The ATOS Q scanner requires that at least 
three points are shared between subsequent scans so they may be 
aligned and stitched together within the software to produce a complete 
part model. The only requirement for the dodecahedron and target po
sitions was that they had to be visible from a variety of different angles. 
For this part, they were arranged around the outside diameter to provide 
maximum clearance. 

For this study, the fiducial frame was intended to remain attached to 
the preform through the first machining operation, so it was designed to 
provide clearance for the first machining operation (see the endmill 
clearance in Fig. 4.) However, every surface on this part requires 
machining. Therefore, there is no place that the fiducial frame could be 
mounted such that it could remain attached through both machining 
operations/setups. Therefore, the fiducial frame was removed before the 
second machining operation, after the coordinate system had been 
defined. The exact requirements for the frame design and attachment 
depends on the preform and CAD geometries. Some parts may allow the 
frame to be left in place through all post-processing steps, while others 
may require a different fiducial frame to be applied for each operation. 

5. Coordinate system construction 

Once the fiducial frame was attached to the preform, the assembly 
was scanned; see Fig. 5. Note that the both the fiducial spheres and 
preform were captured within the scan, so the position of the surface 
points on the fiducial scan are known with respect to the preform surface 
points. 

Next, the desired CAD model was imported and aligned to the scan. 
When the CAD model was first imported, there was no relation between 
its position and orientation relative to the scan data, as shown in Fig. 6. 
The alignment process establishes the relative position and orientation 
of the two models and must meet the three criteria described previously. 

There are two steps: a rough alignment using geometric constraints and 
a final alignment using a least-squares best fit. 

The rough alignment begins by identifying appropriate geometric 
elements on the scanned data that can be used to match it to the CAD 
model and which reflect any constraints imposed by the milling ma
chine. In this case, four elements were chosen, each of which served a 
specific purpose. Primitive geometric elements were fitted to these areas 
of the scanned data using a Gaussian least-squares method with a one- 
standard deviation filter. 

1. A plane was fit to the bottom face of the build plate (BuildPlate
Bottom in Fig. 7). This surface was chosen to satisfy the geometric 
constraint imposed by workholding on the machine tool; a milling 
vise was selected to hold the build plate surface perpendicular to the 
machine's Z axis.  

2. A cylinder was fit to the top outside diameter of the part (PreformOD 
in Fig. 7). This feature roughly centered the CAD inside the preform.  

3. A plane was fit to the top face of the preform (PreformTopSurface in 
Fig. 7). This feature aligned the top of the part to the preform.  

4. One edge of the build plate was found by intersecting best-fit planes 
on two sides of the plate (BuildPlateEdge in Fig. 7). This was used to 
set the direction for the X axis, but since the CAD model is rota
tionally symmetric this selection was arbitrary in this case. 

These geometric elements were then used to construct a coordinate 
frame as follows:  

■ the origin was positioned at the intersection of the PreformOD 
centerline and the PreformTopSurface plane  

■ the Z axis was set perpendicular to BuildPlateBottom  
■ the XZ plane was set to be parallel to the BuildPlateEdge primitive. 

A similar coordinate system was constructed on the nominal CAD 
model using the outside diameter and top face of the part. The two 
models were then aligned such that the coordinate systems were coin
cident to create the rough alignment. The result is shown in Fig. 7. Due 
to the constraint on the bottom of the build plate, this rough alignment 
meets the criterion that the alignment is physically attainable on the 
milling machine. However, the part was not contained in the preform; 
the CAD extends slightly outside of the top of the preform. If the part 
were machined using this alignment, then the uncontained area of the 
part model would be left in the as-printed condition since there is no 
material to remove. 

The final alignment corrected the residual misalignment using a 
combination of least-squares fitting and manual adjustment. A local best 
fit using a least-squares algorithm was performed to center the model 
inside the preform. Unlike the rough alignment, this best fit considered 
the full scan of the outside of the part, not just the primitive geometry fit 
to filtered scan data. This best fit was constrained to not rotate the part; 
this ensured that the geometric constraint imposed during the rough 
alignment was not altered by the best fit. 

This best-fit process still did not fully contain the part inside the 
preform. Therefore, a manual translation in the Z direction was applied, 
giving the final alignment shown in Fig. 8. This alignment now meets all 
criteria to ensure that the part is machinable. 

After the models were aligned, the shared coordinate system was 
established. The coordinate system was defined kinematically based on 
a series of best-fit primitives [27]. The center of the first sphere was 
selected as the part origin, fixing three translational degrees of freedom. 
The bottom of the build plate defined the Z axis, fixing two rotational 
degrees of freedom. The line between the centers of the first and second 
spheres defined the X axis, fixing the final rotational degree of freedom. 
The third sphere was redundant due to the build plate geometric 
constraint and was not used to define the coordinate system. It was used 
as a reference to evaluate the accuracy of the setup on the machine and 
determine how closely the actual alignment matches the original 
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prediction. The coordinate system is displayed in Fig. 9. 
The precise sequence of datums used to define the coordinate system 

depends on the specific geometric constraints chosen during the rough 
alignment. For example, on a five-axis milling machine, which can 

reorient the part to any desired angle, the three spheres can fully define 
the coordinate system without any other geometric constraints.1 

(a) (b) (c)
Fig. 3. (a) An alignment where the part 
is fully contained inside the preform, 
but which is not physically attainable 
on a three-axis milling machine since 
the part is tilted with respect to the 
base. (b) An alignment which is physi
cally attainable since the build plate is 
perpendicular to the vertical (Z) axis, 
but where the part isn't contained inside 
the preform. (c) A good alignment 
where the part is fully contained inside 
the preform and the alignment is phys
ically attainable on the machine tool 
since the build plate is perpendicular to 

the Z axis. However, none of these are usable on the machine since there are no fiducials that can be used to transfer the alignment.   

(a)
(b)

Fig. 4. (a) Design for the external fiducial frame. The frame was designed to provide clearance for machining and probing operations so it could remain in place 
during machining. (b) The fiducial frame was attached to the preform build plate using adhesive. 

(a) (b)

Fig. 5. Scan of the part after attaching the fiducial frame. (a) The blue light pattern is projected onto the part to measure the geometry by pattern distortion. (b) The 
scan geometry includes both the preform and fiducials. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

1 Physically, a five-axis milling machine is only capable of aligning its Z axis 
with any desired tool vector, not fully aligning itself to any arbitrary coordinate 
system [28]. The last degree of freedom can be provided via a software rotation 
to align the X axis to the desired coordinate system. 
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6. Coordinate system transfer 

Once the coordinate system was defined, it was transferred to the 
CAM software, which was used to define the toolpaths. All toolpaths 

were defined relative to the datum coordinate system. The preform scan 
was also exported. Autodesk MeshMixer was used to reduce the mesh 
resolution and close any holes to generate a water-tight mesh. This 
lower-resolution mesh was used as the CAM stock model to determine 
where material needed to be removed and to simulate the machining 
operations. Fig. 10 shows selected toolpaths and the corresponding 
machining simulation. 

After the toolpaths were programmed, the part was mounted on the 
machine and the center locations of each of the datum spheres are 
measured using the machine probe. This provided the center point po
sitions for the three spheres in the milling machines coordinate system. 
These positions were verified manually using a 2 μm resolution dial test 
indicator and it was found that they were located within the indicator 
resolution. The setup, probing, and verification are shown in Fig. 11. 
The center point position for each sphere was expressed as Pn = [xn yn 
zn]T for n = 1, 2, 3. 

The measured sphere positions were used to calculate the final co
ordinate system using the same sequence of steps as the original coor
dinate system definition. This coordinate system was defined by a 
position vector Pwork = [xw yw zw]T which identified the origin position 
and an orientation matrix Owork = [ x→ y→ z→] which described the orien
tation of the axes, where x→, y→ and z→ are unit vectors aligned with the X, 
Y, and Z axes of the coordinate system, respectively. The Z axis of the 
coordinate system is constrained to z→= [0 0 1]T due to the geometric 
constraint. Given the Euclidean distance in the XY plane between points 

1 and 2 of dxy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x2 − x1)
2
+ (y2 − y1)

2
√

, the position and orientation 
for the final work coordinate system is: 

Fig. 6. Initial alignment of the scanned and CAD models immediately after 
importing the CAD. 

Fig. 7. Rough alignment. The green geometry was fit to the scan data and used 
to construct a coordinate system matching the CAD model. This alignment can 
be achieved on the milling machine, but because the part is not contained inside 
the preform it is not acceptable as the final alignment. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

(a) (b) (c)

Fig. 8. (a) Geometry selection for the local best-fit alignment. The red areas were fit versus the CAD model to center the part inside of the scanned preform. (b) 
Alignment after local best fit. (c) Final alignment between scanned and CAD models. The part is fully contained inside the preform and it is in an orientation which is 
attainable on the milling machine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Coordinate system definition based on the scanned spheres.  
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(a) (b)

Fig. 10. CAM programming process. (a) A toolpath was defined in the sphere coordinate system. (b) A simulation of the machining operation using the preform scan 
as the stock model. 

(a) (b) (c)

Fig. 11. (a) Preform mounted on the milling machine tool before the first machining operation. (b) Sequence of probing points to find the sphere center. The 
opposing probe positions are averaged to find the center point in X and Y. Since the probe cannot touch the bottom of the sphere in Z, the probed position is offset 
down by the sphere radius. (c) The probed offsets were verified using a dial test indicator and found to be located within one division on the 2 μm indicator. 

(a) (b)

Fig. 12. (a) Predicted sphere center positions in the sphere coordinate system based on the scan data. (b) Measured sphere center positions in the sphere coordinate 
system on the milling machine. Red and blue numbers show the error compared to the predictions. Blue errors are fixed at 0 due to the kinematic construction of the 
coordinate system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Pwork =

⎡

⎣
x1
y1
z1

⎤

⎦,Owork =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

x2 − x1

dxy
−

y2 − y1

dxy
0

y2 − y1

dxy

x2 − x1

dxy
0

0 0 1

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(1) 

The position vector can be directly used by the machine tool as X, Y, 
and Z work offsets. The orientation matrix must be converted into a 
coordinate rotation value: 

θ = atan2
(

x→2, x→1

)

, (2)  

where atan2(y,x) is the four-quadrant version of the arctangent func
tion. This coordinate rotation value is used to rotate the input program 
around the Z axis to achieve the desired orientation. 

Finally, the positions of the spheres on the machine were projected 
into this final coordinate system and compared to their theoretical po
sitions to verify the work coordinate system, as shown in Fig. 12. The 
largest error, a 68 μm Z axis offset, indicates that the preform is tilted by 
0.02 degrees compared to its theoretical orientation. Given the amount 
of extra material on the preform, the desired part geometry could still be 
produced and this error was considered to be acceptable. 

Once the coordinate system was confirmed, the part was then 
machined. The process closely matched the predictions from the CAM 
software, as shown in Fig. 13. A photograph of the part after the first 
operation is provided in Fig. 14. 

7. Coordinate transformation 

After the first operation was complete, a matte finish spray (Krylon 
K01310) was applied to the part surface and the part was rescanned. 
This scan was compared to the CAD model to determine the machining 
process accuracy. Unfortunately, the adhesive holding the fiducial plate 
to the preform failed due to the coolant and vibration during machining, 
so it was not possible to analyze the machined geometry using the same 
sphere coordinate system used to define the machining toolpaths. 
Instead, the machined surfaces in the scan were aligned to the CAD using 
a local best-fit and compared using a surface deviation plot; see Fig. 15. 

Overall, the scan shows that the part surface deviations are within 
±10 μm (i.e., green band on the colour bar). However, there are some 
areas which show large surface deviations (i.e., red and blue locations), 
including pitting; see the angled step on the outside near the bottom of 
the part and the diameter steps on the inside surface. These deviations 
are artifacts of the scanning process and are not present on the physical 
part. This is a challenge associated with optical scanning techniques. 
Some features, such as shiny surfaces, sharp angles, and deep holes, 
return insufficient light to the scanner and yield poor results. The matte 

spray improved results by making the surface more diffuse to improve 
light return, but some scanning artifacts still remained. 

Next, a new coordinate system was defined based on the new scan. 
This used essentially the same methods outlined for the first operation, 
with the geometric constraint that the Z axis had to be parallel to the 
machined outside diameter of the part. Rather than defining the tool
paths relative to the fiducial coordinate system, they were instead 
defined relative to a separate WCS located at the top surface of the CAD 
model. Once the fiducial coordinate system was located on the machine 
tool, a fixed transformation was applied to find the final WCS offsets. 
This approach was more convenient because the various toolpaths were 
now defined at a point on the part's geometry, rather than an external 
point in space. The theoretical datum structure coordinate system Oda

tum, CAM, Pdatum, CAM and the theoretical work coordinate system Owork, 

CAM, Pwork, CAM were found based on the scanned model; see Fig. 16. 
The coordinate system and scanned model were transferred to CAM 

software and the machining toolpaths were programmed relative to the 
new WCS. The part was held on the milling machine using a set of soft 
aluminum vise jaws machined to matched the outside contour of the 
part. This method ensured good clamping force, minimized distortion of 
the cylindrical part, and oriented the part to ensure it matched the 
geometric constraint. Once the part was set up on the machine, the 
datum coordinate system Odatum, machine, Pdatum, machine was found using 
the machine probe (see Eq. (1)). The position and orientation matrices 
for the work coordinate system on the machine were calculated using 
[29]: 

(a) (b)

Fig. 13. Comparison of the simulated (a) and actual (b) in-process status of the part after the first roughing pass on the outside diameter. Note how closely the uncut 
area at the top of the simulation matches the actual part. 

Fig. 14. Part after the first machining operation.  
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Owork,machine = Odatum.machine⋅O− 1
datum,CAM⋅Owork,CAM (3)  

Pwork,machine = Owork,machine⋅Owork,CAM⋅
(
Pwork.CAM − Pdatum,CAM

)
(4) 

The position vector Pwork, machine defined the work coordinate offset 
for the X, Y, and Z axes on the milling machine, and the orientation 
matrix Owork, machine was used to calculate the coordinate rotation using 

Eq. (2). This final coordinate system is shown in Fig. 17. 
Once the coordinate system was found, the fiducial frame was 

removed (see Fig. 18) and the part was machined. No issues were 
encountered during machining. The final machined part is displayed in 
Fig. 19. 

8. Accuracy analysis 

The final part was then scanned again to compared it to the CAD 
model; see Fig. 20. While the same scanning issues are observed, the 
overall geometry is close to the nominal CAD, with surface deviations 
under 25 μm. 

In addition to the surface deviation map, another useful measure for 
this example is the eccentricity between the two outer diameters. 
Ideally, the two cylindrical surfaces should be coaxial. However, the 
smaller diameter was produced in the first machining operation, while 
the larger diameter was produced during the second operation. Errors in 
the coordinate system transfer method will therefore result in mis
alignments between the two cylinder centerlines. This eccentricity was 
inspected both on the machine using an indicator and from the scanned 
data (see Fig. 21). The two measurements agreed, showing an eccen
tricity of approximately 25 μm. To complement this comparison, a 

(a) (b)
Fig. 15. (a) Part scan after the first 
machining operation. (b) Surface devia
tion between the as-machined scan and 
the CAD model. Areas which are green 
are close to the nominal CAD model, 
while blue regions have had too much 
material taken off and red areas have 
extra material remaining. The dark red 
area has not been machined yet, so it 
shows a large surface deviation. (For 
interpretation of the references to colour 
in this figure legend, the reader is 
referred to the web version of this 
article.)   

Fig. 16. Defining fiducial (DatumSphere) and work coordinate (Machi
ningCoordinate) system offsets based on the CAM. 

Fig. 17. Final machining coordinate system.  Fig. 18. Removing the fiducial frame from the part before machining.  
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repeatability study for identifying the sphere centers from multiple scan 
sequences is provided in the Appendix A. It is shown that the mea
surement repeatability was between 1 μm and 9 μm for sphere center 
coordinates, sphere diameters, and sphere center-to-center distances for 
multiple complete scans. 

In addition to potential scanning errors, the milling machine's re- 
homing procedure also contributed to the part errors. The machine 
was restarted in between setting the offsets and machining the part and 
there was variability in the X limit switch used to identify the origin of 
the axes when the machine is restarted. Testing over five repetitions of 
the re-homing procedure showed a maximum positional variation of 13 
μm, which suggests that this is a significant portion of the measured 
coordinate transfer error. Generally, this error would not be a factor 
during most setups, since the machine would not normally be restarted 
in between measuring the fiducials and machining the part. 

9. Discussion 

This external fiducial method has clear advantages for transferring 
coordinate systems on parts with complex freeform geometries. Tradi
tional methods of setting offsets on milling machines (e.g., probing the 
part) use a limited number of points on the part geometry when creating 
the alignment and are time-consuming for parts without clear datums. 

Fig. 19. Fully machined part.  

(a) (b)

Fig. 20. (a) Scan of final part geometry. (b) Surface deviation map.  

Fig. 21. Eccentricity between the two outer diameters. Since they were pro
duced in two operations, the eccentricity was primarily attributable to error in 
coordinate transfer. 

A. Cornelius et al.                                                                                                                                                                                                                               



Journal of Manufacturing Processes 68 (2021) 1824–1836

1834

The combination of structured light scanning and external fiducials with 
specified geometry enables the full part geometry to be considered for 
the alignment, while still only requiring a few points to be probed on the 
machine. This overcomes the inherent difficulties with coordinate 
transfer for machining additively manufactured preforms. 

Sharing the coordinate system between the scan and the milling 
machine also allows the scanned model to be used as the CAM software 
stock model to plan the machining operations. Given the demonstrated 
accuracy of the machining simulation, this provides a high level of 
confidence in the planned machining operations, ensuring that the 
finished part will be produced to the required tolerances. 

However, steps remain which can require significant user input. 
Normally, optical scans can be aligned with their CAD models auto
matically using a best-fit procedure. For the preform used in this study, 
the initial rough alignment had to be performed manually to obtain an 
alignment which was close enough to exercise the best-fit algorithms. 
There were three reasons that the alignment required manual 
intervention.  

1. The automated best-fit algorithms assume that the geometry of the 
scanned and CAD models are generally similar and tend to fail when 
the models differ too much. For additively manufactured parts, the 
as-printed geometry may be substantially different than the CAD 
model and the fitting procedure cannot execute without 
intervention.  

2. Minimizing the mean-square error between the CAD and scanned 
meshes does not ensure that the CAD is fully contained inside the 
preform. It is more common for the algorithm to “split the difference” 
and have some areas with too much stock left on and others with not 
enough. The resulting alignments often require minor manual 
modifications to meet the part containment criterion.  

3. The automatic algorithm does not consider the geometric constraints 
that may be necessary to ensure that a part can actually be made on a 
given machine. Instead, the alignment is constructed in whatever 
orientation will minimize the mean-square error. The resulting 
alignment may be in an orientation that is physically impossible to 
realize on a given machine. 

Further work to develop more robust methods for automatically 
aligning preform scans with the target CAD models is required. The 
scanning accuracy also requires further evaluation. It is known that 
certain features (e.g., shiny surfaces) can yield poor scanning results. 
Further work is necessary to better characterize these scanning errors 
and automatically identify when surface deviation in the scan does not 
represent the actual part geometry. 

Finally, while this paper focused on finish machining for an addi
tively manufactured preform using a three-axis machining center, the 
approach can be extended to accommodate other situations. A few 

example applications for this robust coordinate system transfer method 
include:  

■ iterative additive-subtractive processes where additional material is 
deposited on the preform (for example, to repair a damaged part)  

■ five-axis machining for complex freeform parts  
■ finish machining for castings or forged preforms. 

10. Conclusions 

This paper presented a novel method for coordinate system transfer 
between hybrid manufacturing operations on complex additively man
ufactured preforms. The method was demonstrated by machining an 
additively manufactured preform to generate a finished part. First, the 
preform surface geometry was measured using a structured light scan
ning system. Second, an external fiducial frame was designed and 
attached to the preform to provide fiducials that could be located both in 
the scan and on the milling machine. Third, the CAD and scan models 
were aligned while considering the geometric constraints imposed by 
the machining process and a coordinate system was defined based on the 
external fiducials. Fourth, the coordinate system, alignment, and scan 
model were transferred both to CAM to plan the machining operations 
and to the milling machine. Fifth, the first machining operation was 
performed and the resulting in-process part was scanned to define a new 
coordinate system using a fixed-transformation method before 
completing the second machining operation. Finally, the accuracy of the 
resulting part and the scanning method were evaluated. Several poten
tial next research steps were finally discussed. 
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Appendix A. Scanning repeatability analysis 

Five repeated structured light scanning measurements, where each measurement was composed of 10 individual scans, were performed using the 
external fiducial frame in Fig. 10 to evaluate the measurement repeatability. The same sphere naming convention established in Fig. 10 was used for 
the analysis. The center coordinates and diameters for sphere 1, sphere 2, and the reference sphere were extracted from best-fits to the point clouds. 
Additionally, the distances between the spheres centers was also calculated. 

The sphere center X, Y, and Z coordinates are provided in Table A1. The standard deviations varied between 2 μm and 9 μm for the three co
ordinates and three spheres. This measurement repeatability places a lower bound on the ability to locate the printed preform in the milling machine 
coordinate system. Therefore, it is an important contributor to the machined part accuracy when multiple setups are required and machined features 
from one setup must be located relative to features from the next within prescribed tolerances. For the data in Table A1, the scanner coordinate system 
was maintained; no coordinate transformation was completed. The three spheres are located approximately in the XZ plane with approximately a 20 
mm offset in the +Y direction from an arbitrary origin.  
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Table A1 
Sphere center coordinates.   

Sphere 1 Sphere 2 Reference sphere 

Msmt. number X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm) 

1  163.126  20.388  16.681  162.353  20.301  − 162.175  − 16.332  20.113  16.582 
2  163.132  20.388  16.692  162.359  20.295  − 162.168  − 16.329  20.128  16.588 
3  163.135  20.387  16.692  162.361  20.297  − 162.166  − 16.326  20.129  16.585 
4  163.131  20.389  16.690  162.359  20.298  − 162.168  − 16.328  20.135  16.593 
5  163.127  20.391  16.698  162.363  20.297  − 162.159  − 16.335  20.136  16.587 
Mean  163.130  20.389  16.691  162.359  20.298  − 162.167  − 16.330  20.128  16.587 
Std. dev.  0.004  0.002  0.006  0.004  0.002  0.006  0.004  0.009  0.004  

The sphere diameters and standard deviations are listed in Table A2.2 The standard deviations were consistent (3 μm to 4 μm); as shown in Fig. A1, 
the error bars overlap. Finally, the center-to-center sphere distances and standard deviations are given in Table A3, where 1 μm to 3 μm standard 
deviations are observed. For completeness, the laboratory temperature was monitored during testing (MadgeTech Temp101A). The temperature 
profile is shown in Fig. A2, where the five measurement intervals are identified. No compensation for thermal expansion was implemented; the 
temperature data is reported for reference purposes. Given the general geometric accuracy of printed preforms relative to the CAD model, it was 
concluded that the structured light scanner used in this study offers sufficient accuracy to perform the required measurement tasks.  

Table A2 
Sphere diameters (all units in mm).  

Msmt. number Sphere 1 Sphere 2 Reference sphere 

1  25.415  25.417  25.410 
2  25.412  25.415  25.412 
3  25.409  25.415  25.416 
4  25.408  25.408  25.404 
5  25.408  25.412  25.410 
Mean  25.410  25.413  25.410 
Std. dev.  0.003  0.004  0.004  
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Fig. A1. Sphere diameters and one standard deviation error bars.   

Table A3 
Center-to-center sphere distances (all units in mm).  

Msmt. number Sphere 1 to sphere 2 Sphere 2 to reference sphere Reference sphere to sphere 1 

1  178.859  252.750  179.458 
2  178.862  252.751  179.461 
3  178.860  252.747  179.461 
4  178.860  252.754  179.459 
5  178.859  252.750  179.462 
Mean  178.860  252.750  179.460 
Std. dev.  0.001  0.003  0.002   

2 The nominally 25.4 mm diameter spheres had a grade 25 tolerance (±2.54 μm). However, the satin surface finish was not held to that tolerance; a 0.356 μm (14 
μin) Ra surface finish was specified for satin finish spheres. 
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Fig. A2. Laboratory temperature variation during repeatability testing.  
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