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Abstract: This paper presents the first try to fabricate degradable polylactic acid (PLA) biomedical
stents with round edges by the multi-axis micro-milling process. Conventionally biomedical stents are
produced by laser processing. Post-processing operations are usually required to handle sharp edges
and thermal defects of the stent due to laser processing. A computer graphics software package was
used to design the strut structures with round corners of the PLA stent. A PLA tube was first created
using injection molding, and a degradable biomedical stent was then fabricated through micro-milling
by using a five-axis computer numerical control (CNC) machine tool. This study investigated the error
in the rotation center that can occur during five-axis micro-milling. Data obtained from experiments
on center-of-rotation errors were substituted into homogeneous coordinate conversion formulas.
Center-of-rotation errors in the five-axis machine tool were compensated for improving the milling
precision (A and C axes) to be within 5 um. Furthermore, milling parameter optimization experiments
were conducted, which determined the optimal conditions for milling PLA to be a spindle speed of
60,000 rpm, feed per tooth of 0.005 mm, and feed rate of 600 mm/min, and achieved the minimum
burr 0.01 mm and the average surface roughness (Ra) 0.4 um. These optimal cutting parameters will
be used in the following actual stent processing experiments. Finally, the error compensation and
optimal parameters were combined in a CAM software package and layered spiral micromilling
to machine the actual stent. The experimental results revealed that the combination of five-axis
micro-milling led to the successful fabrication of a degradable biomedical stent (stent diameter =
6 mm, strut width = 0.3 mm, and radius at round corners = 0.1 mm). The machined actual stent
had cross-section height and width errors within 0.01 mm, and arc depth of cut variation within
6 um. In addition, the PLA stent machining results indicated a rebound of approximately 33%
at the strut round edge machining. This work may also open up future possibilities for complex
three-dimensionally structured biomedical stents for better performance and special functionality.
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1. Introduction

Traditional biomedical stents are made from stainless steel and nickel-titanium alloy [1,2], and their
grid structure is fabricated through laser processing [3], which, however, often results in problems
including residual thermal stress, poor surface roughness, and sharp corners of the structure. Scholars
have employed femtosecond laser processing to round the sharp corners and reduce the size of the
melted zone on the surface; however, many problems remain [4,5]. Postprocessing is thus required after
laser processing to improve the quality of the stent surface and round the corners of the stent structure.
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Common postprocessing methods include sandblasting, chemical etching, and electropolishing [6].
Although these methods can produce high-quality surfaces and round corners, they require considerable
work and time and have a high associated cost. In addition, the postprocessing operations may cause
the loss of stent struts” width and shape accuracy [3—-6]. Moreover, because metal (stainless steel or
nickel-titanium alloy) stents are not human body tissues, the body often rejects them, and the stents
may have to be placed in the body permanently, making removal difficult. These factors all increase
the risk of unpredictable body damage. Therefore, studies in which new stents have been developed
have tended to use materials that are degradable by the body, such as PLA. PLA is a type of polymer
material and is obtained from natural cellulose or starch. Because it is biodegradable and has satisfactory
processing characteristics and mechanical properties [7], PLA is widely applied in packaging, vessels,
and bioengineering devices such as bone screws, bone plates, surgical sutures, and carriers for drug
release [8-10].

In the current industrial manufacturing, five-axis machine tools have been employed in the
manufacturing of numerous products. The merits of these machines include that they overcome the
limitation of cutter length, solve the problem of static cutting, are highly efficient at bevel processing,
can process complex geometric shapes, reduce the number of times that workpiece installment is
required, increase the size precision, and simplify the form of cutters [11]. Coordinate conversion
formulas and computer-aided design or manufacturing tools can be employed to prevent interference
during cutting and obtain the optimal cutting path [12-14]. The precision error of five-axis machine
tools results from the static positioning error and dynamic tracking error. The static positioning error
affects the processing precision between two points [15], whereas the dynamic tracking error affects
the difference between the actual cutting path and instruction path. In practice, a linear variable
differential transformer, which is a built-in retractable component for measuring displacement, can be
used in the telescoping magnetic double ballbar testing to measure the error of circular motion of the
feed axes and to compensate for the error [16]. For the eccentric error that refers to the cutter deviation
from the rotation axis because of the geometric imperfection of the cutter, surface milling is performed
using a ball end mill inclined at 45°. The cusp height and pick feed on the surface are then measured
and incorporated into the derived ball end mill radius compensation equation to obtain the correct
outer diameter of the cutter [17].

Performing cutting at the microscale easily results in errors of the minimum cutting depth and
material springback. For example, when aluminum is cut, the minimum cutting thickness and cutter
radius are of the same order. If the cutting thickness is 0.2-0.3 times the cutter radius, the residual
stress and roughness of the surface after processing are increased [18]. In addition, when the cutting
depth is smaller than the critical cutting depth, material deformation may occur [19]. In a study on
the relationship between material resilience and hardness, a scraping experiment was conducted,
and the results revealed the relationship equation between theoretical cutting depth and real cutting
depth. The study verified that the equation can be applied to the cutting of both metal and polymer
materials [20]. Bang et al. [21] performed cutting using a micro milling cutter with a diameter of 0.2 mm
to fabricate a copper column with a size of 30 x 30 x 320 um?® (aspect ratio of 10.6) and then used
scraping to investigate the relationship between the feed rate and amount of springback. Islam et al. [22]
conducted a test on copper materials with different crystallization directions and discovered that the
scraping speed of 333 nm/s achieved the highest cutting depth and lowest springback. The springback
was also dependent on the crystallization direction.

Eckman et al. [23] investigated the resilience of polymer materials, using a micro-end mill
(the edge of which had a radius of 48 um) to conduct an undercut experiment on acrylic materials.
They discovered that, under various cutting depths, when the springback direction was vertical to
the cutting tool feed direction and the cutting depth was smaller than 15 um, the springback rate was
100% and almost no chips were produced. When the cutting depth was larger than the cutter edge
radius, the springback rate was approximately 30%. Carr et al. [24] performed cutting on polymer
materials with different glass transition temperatures by using a diamond cutter and different feed
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speeds. When the feed speed was increased in the early cutting period, the surface roughness was
improved considerably. However, as the feed speed was increased further, the chips were removed
though breaking; removal of the original material resulted in poor surface roughness. Xiao et al. [25]
conducted a cutting experiment on injection-molded high-density and low-density polyethylene by
using a grinding machine and various cutting speeds. The results revealed that, when the cutting speed
was increased by 30,000 mm/min, the high-density polyethylene had higher mechanical strength and
surface quality than the low-density polyethylene. However, even higher cutting speed resulted in
chip breaking, which in turn caused lower surface quality. The temperature elevation during cutting
also led to softening of the polymer material.

In a study using PLA to produce biomedical stents, a CO, laser was employed to fabricate poly-L-lactic
acid (PLLA) and PLLA /polycaprolactone/triethyl citrate stents. The simulation prediction and mechanical
property testing results revealed that the stents produced using PLLA had the mechanical properties
required for degradable stents [26]. Stepak et al. [27] used a CO,, laser to produce poly (lactic acid-co-glycolic
acid) and PLLA stents. They discovered that, by using the CO; laser, they could obtain small conicity
of the side wall of the stents. Regarding the mechanical property, because a large heat-affected zone
existed during CO; laser processing, the Young’s modulus of the stents was 37% larger than that of the
stents produced using excimer laser machining. Using electrospinning, Wang [28] created artificial
blood vessel cell growth stents with different directions of fiber arrangement at various collection
speeds by using solutions of different proportions of PLA and polycaprolactone. The inner diameter,
outer diameter, and wall thickness of the stents were 4.1, 5, and 0.45 mm, respectively. In addition,
Teng [29] employed circular heat transfer technology to fabricate PLA into a plate shape, which was
then rolled into a round tube. The round tube was subsequently used in a circular transfer system to
produce cardiovascular stents with a diameter of 10 mm and thickness of 0.7 mm.

In this study, PLA, a biodegradable polymer material, was employed as a stent material to develop
a degradable biomedical stent through micromilling using a five-axis machine tool. After making a
round PLA tube through injection molding, a computer graphics software package (SolidWorks 2013)
was used to design a three-dimensional PLA stent, with grid patterns on the outer surface of the
PLA tube and an edge rounded fan-shaped cross-section. Subsequently, a five-axis machine tool
was employed to fabricate the designed PLA biomedical stent through micromilling. To prevent
a rotation center error, which can be produced through five-axis machining, this study performed
an error measurement experiment and used the homogeneous coordinate conversion formula to
compensate for the rotation center error resulting from five-axis machining. Finally, on the basis of
the aforementioned error compensation and optimal cutting condition, CAM software was employed
in the layered circular milling method to process the stent. The five-axis machining-based milling
process proposed in this study, which is a continual and one-time process, can achieve the fabrication
of degradable PLA stents with high surface quality and smooth geometric shape (i.e., no sharp corners
in the stent structure), thereby overcoming the numerous problems with biomedical stents that are
produced through laser processing.

2. Experimental

2.1. Material and Design of the PLA Biomedical Stent

This study used injection molding to fabricate biodegradable tube with polylactic acid
(Nature Works™ PLA Polymer 3001D, Minnetonka, MN, USA) as the raw material. A computer
graphics software package (SolidWorks 2013, Dassault Systéemes SolidWorks Corporation, Waltham,
MA, USA) was used to design a stent with 9 x 6 horizontal and vertical array struts, a fan-shaped
cross section with top round corners (radius 0.1 mm), and a cylindrical diameter and wall thickness of
6 mm and 0.3 mm, respectively. The stent’s strut width is 0.3 mm typically. The design can achieve
mechanical specifications for biliary stent application according to the finite element analysis [30].
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2.2. Experiment on PLA Cutting Parameter Optimization

This study used a five-axis machine tool (UX300, Quaser) combined with a high speed spindle
(HES810, maximum speed of rotation = 80,000 rpm) to perform micromilling on the PLA stents.
Cutting PLA tends to cause poor surface quality and burrs. Therefore, this study referenced a cutting
parameter optimization experiment devised by Carr et al. [24] and used end mills (0.3 mm in diameter)
and a fixed cutting depth of 0.03 mm. Three cutting experiments were performed with varying
parameters, such as feed rate, feed per tooth, and spindle speed. The surface quality and burrs of the
specimens were observed to determine the optimal cutting parameters. The cutting parameters of
Experiment 1 were as follows: the feed rate was fixed at 600 mm /min with varying feed per tooth at
0.05, 0.03, 0.01, 0.005, and 0.003 mm. The cutting formula was as follows [31]:

F = ftN @

where F is the feed rate; f is the feed per tooth; t is the number of flutes; and N is the spindle
speed. Through calculating, the corresponding spindle speeds were 6000, 10,000, 30,000, 60,000,
and 80,000 rpm, which are equal to the cutting speed 339, 565, 1696, 3391, and 4522 m /s, based on
the aforementioned parameter settings. The optimal feed per tooth would be obtained according to
the experimental results of Experiment 1. Parameter settings of Experiment 2 used the optimal feed
per tooth as a fixed value and the varying spindle speeds used in Experiment 1 (6000, 10,000, 30,000,
60,000, and 80,000 rpm). Subsequently, (1) was used to calculate the feed rates (F) corresponding to the
varying speeds, and the Experiment 2 results would determine the optimal spindle speed. Parameter
settings of Experiment 3 used a fixed optimal spindle speed and varying feed per tooth (0.05, 0.03, 0.01,
0.005, and 0.003 mm). Again, (1) was used to calculate the feed rates (F) corresponding to the varying
feed per tooth, and the results would determine the optimal cutting parameters for minimum burrs.

2.3. Center-of-Rotation Error Compensation

Figure 1 presents the horizontal motion or rotation directions of each axis of the five-axis
machine tool. Before the five-axis machine tool was used for machining, its center of rotation had
to be corrected. If the center of rotation was inaccurate, errors could occur because of the cutting
table’s center-of-rotation positions recorded on the control system and the actual positions being
different; such errors would divert the cutting track and affect machine precision of workpiece
dimensions. Therefore, this study referenced the homogeneous transformation matrix proposed by
Litvin et al. [32] to create formulas for calculating center-of-rotation errors, as well as to compensate
errors in center-of-rotation positions along the A and C axes to mitigate the errors’ effect on the
precision of workpiece dimensions. During simultaneous machining using the five-axis machine tool,
the center-of-rotation error along the A axis most directly affected the tool length. To simplify formula
calculations, dy, and d., were defined as the error values of Y and Z components of the center of
rotation of the five-axis machine tool’s A axis, respectively; in Figure 2, 6 4 is the angle of rotation of
the A axis.

In Figure 2, the circular dotted line with a circular center O(0,0) on the YZ plane represents a
cutting track without any center-of-rotation errors along the A axis; by contrast, the solid line represents
a cutting track with dy, and d;, errors along the A axis. The inferred formulas for compensating
center-of-rotation errors along the A axis are presented in (2) and (3):

Error along the y-axis:
AY = —dy, +coslfld,, +sin[0]d:, 2)

Error along the Z axis:
AZ = —sin[0ldy, —d,, +cos[fa]d:, ©)]
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The measured depth of cut differences D and D, and two known angles of rotation, —45° and —90°,
were substituted into (3), where D; and D; had identical physical meanings to that of the error along
the Z axis (AZ), to determine the center-of-rotation error values along the A axis (dy, and d; ,).

— Cutting track & Center of rotation (control system)

————— Cutting track @ Center of rotation (real)
Figure 2. Center-of-rotation errors of the A axis.

This study used a 5 mm ball end mill and set the table’s angles of rotation along the A axis at 0°,
—45°, and —90° to cut a groove on the workpiece surface. If the center of rotation of the A axis presented
no error, the cut groove generated no difference in the depth of cut, as shown in Figure 3a,b. The depth of
cut differences of the cut grooves were measured using 3D-Probe (Haff&Schneidr, Analogue). The depth
of cut at 0° was used as the base point (no error occurred at 0° along the A axis). The depth of cut values
at —45° and —90° were measured (D; and D;, respectively), as shown in Figure 3c.

In addition, during the five-axis machine tool’s cutting process, any center-of-rotation error along
the C axis directly affects the eccentric state of machined workpieces. To simplify the calculation of the
inferred formula, dy, and d,, were defined as center-of-rotation errors along the C axis and 6 was the
angle of rotation along the C axis, as shown in Figure 4.

In Figure 4, the circular dotted line with a circular center O(0,0) on the XY plane represents a
cutting track without any center-of-rotation errors along the C axis; by contrast, the solid line represents
a cutting track with center-of-rotation errors of dy, and d,, along the C axis. The inferred formulas for
compensating center-of-rotation errors along the C axis are presented in (4) and (5):
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Error along the X axis:
AX = —Dy = —dy, + cos[0c]dy, + sin[f]d,, 4)

Error along the Y axis:
AY = D3 = —sin[0|dy, — dy, + cos[0c]dy, (5)

The measured differences of side walls D3 and D4 and two known angles of rotation, 90° and 180°,
were substituted into (4) and (5), where D3 and D, had identical physical meanings to AX and AY),
to determine the center-of-rotation errors along the C axis, dy, and dy,.

(a) Groove without center-of-rotation errors. (b) Groove with center-of-rotation errors.
.
. a Sl
AD° A-45° A-90°
(Base point)

(c) Depth of cut difference measurement (A0° = the measurement baseline of depth).

Figure 3. Cut groove and depth of cut difference measurements of rotation along the A axis.

—— Cutting track & Center of rotation (control system)

————— Cutting track @ Center of rotation (real)

Figure 4. Center-of-rotation errors along the C axis.

In the experiment on center-of-rotation errors along the C axis, a 5 mm end mill was used in
combination with varying angles of rotation of the table along the C axis (0°, 90°, and 180°) to cut
a groove on the workpiece surface. If no center-of-rotation error occurred along the C axis, the cut
groove would not form “step difference,” as shown in Figure 5a,b. Subsequently, 3D-Probe was used
to measure the differences in sidewalls of the cut groove (measurement faces had to be on the same
side), and groove sidewalls cut at the rotation angle of 0° were used as the baseline (no error at 0° of
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rotation). The groove depth values at 90° and 180° were measured (D3 and Dy, respectively), as shown
in Figure 5c.

(a) Groove without center-of-rotation errors. (b) Groove with center-of-rotation errors.
Cco° C90° C180°
(Base point) | I
. e
— S
Ccuttng ——-——— <
direction 8 e

(c) Sidewall difference of the cut groove (C0° sidewall was used as the baseline of measurements).

Figure 5. Groove produced through rotation along the C axis and measurement of sidewall differences.

After the experiments to identify center-of-rotation error values along the A and C axes (dy,, dz,,
dx., and dy, ), the point coordinates P(Xp, Yy, Zp) in a numerical control (NC) program was rotated
against the origins on the XY and YZ planes (the angles of rotation were calculated according to steps in
corresponding sections) to obtain the machining point Q(Xj, Y3, Z1). Subsequently, the machining point
Q(Xy, Y1, Z1) was counter-rotated against the origin (dy., d.) on the XY plane and the origin (dy,, d:,)
on the YZ plane to obtain the compensated NC point coordinates R(X3, Y2, Z»), which was the correct
machining point. The coordinates of the compensated R(Xj, Y», Z;) were calculated using (6)—(8):

Xy = Xo — (=14 cos[0])dx, + sin[0c]((—1+ cos[04])dy,, + dy. —sin[0a]dz,) (6)
Yo = Yy — sin[0c)dy, +dy. — cos[0c|((—1+ cos[04])dy, +dy. —sin[04]d:,) (7)
Zy = Zo —sin[0aldy, — (=14 cos[04])dz, (8)

2.4. Cutting Path Planning in Five-Axis Computer-Aided Manufacturing (CAM) of Stents and Actual
Stent Machining

The degradable PLA biomedical stent developed in this study is compact in size, has relatively low
strength, and a glass transition temperature of approximately 60 °C; thus, it has numerous machining
constraints. This study used a CAM software package (PowerMILL) as well as applied layered spiral
machining methods and results of the cutting parameter optimization experiment to plan the cutting
parameters and paths of cutting tools. The edge of the cutting tool was used to cut downward layer by
layer along the stent profile. The depth of cut for each layer was 0.03 mm (total depth of cut = 0.36 mm),
as shown in Figure 6a. In the axial control of the cutting tool, the tool axis was defined to always
point to the center of the cylinder during machining. Figure 6b illustrates a simulation of layered
spiral machining. Next, fillet machining of the vertical edge of stents was performed to form a round
corner of a quarter-round with a radius of 0.1 mm. The round corner was produced using layered
spiral machining to perform 12 cuts along the arc length (0.157 mm), with the spacing of each cut
being 0.0134 mm, as shown in Figure 6¢c. Figure 6d illustrates the simulated workpiece finished with
fillet machining.
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This study used the five-axis machine tool combined with a high speed spindle to perform
micromilling on the actual biomedical stent. The main cutting tools used were a micro ball end mill
(arc with 0.3 mm diameter and 0.15 R radius) and a micromiller (diameter = 0.3 mm). After the stent
was machined, local positions segmented by a 120° interval at the top, center, and bottom of the
stent structure with and without compensation were cross-sectioned (see Positions 1-9 in Figure 7);
the depth of cut of the stent’s round corners, cross-sectional width, and removed thickness on the arc

structure were used for error analysis. Figure 8 depicts a cross-section of the stent structure with the
cross-sectional height, width, and arc depth of cut labeled.

(

(a) Layered spiral machining with a depth of cut of

(b) Simulated layered spiral machining.
0.03 mm for each layer.

AN

(d) Simulated workpiece finished with fillet machining.

(c) Simulated fillet machining of a quarter-round.

Figure 6. Layered spiral and fillet machining of a quarter-round with a radius of 0.1 mm.

6 fial &

Figure 7. Cross-sections at nine positions at the top, center, and bottom (Positions 1-9).

Height

Arc depth

[ — |

Width

Figure 8. Local cross-section of the stent structure.
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3. Results and Discussion

3.1. Experiment on PLA Cutting Parameter Optimization

In the cutting parameter optimization experiment, three groups of cutting parameters were
planned, including spindle speed, feed per tooth, and feed rate. An end mill with a diameter of 0.3 mm
was used to perform path experiments with a fixed 0.03 mm depth of cut. Figure 9 presents the PLA
cutting experiment results under the feed rate 600 mm/min, which revealed that a feed per tooth
of 0.005 mm, corresponding to the spindle speed 6000 rpm, attained the minimum burr production
(0.02 mm).

Subsequently, the optimal feed per tooth (0.005 mm) was fixed and the varying spindle speeds
used in Experiment 1 were adopted (6000, 10,000, 30,000, 60,000, and 80,000 rpm). Next, (1) was used
to calculate the feed rates (F) corresponding to the varying spindle speeds for Experiment 2; Figure 10
presents the results. When the feed per tooth, spindle speed, and feed rate were 0.005 mm, 60,000 rpm,
and 600 mm/min, respectively, the minimum burr production after cutting (0.012 mm) was attained.
Experiment 3 employed the optimal spindle speed of 60,000 rpm from Experiment 2 and used varying
feed per tooth of 0.05, 0.03, 0.01, 0.005, and 0.003 mm. Then, (1) was used to calculate the feed rates
(F) corresponding to the varying feed per tooth; Figure 11 shows the results. Therefore, a spindle
speed, feed per tooth, and feed rate of 60,000 rpm, 0.005 mm, and 600 mm /min, respectively, yield the
minimum burr production after cutting (0.01 mm). In addition, the surface roughness measurement
was performed on the milled sample with the best cutting parameters, and it was found that the
average surface roughness (Ra) was 0.4 pm. These optimal cutting parameters will be used in the
following actual stent processing experiments.

0.2
018
0.16
014

T o012
= 01
2 008
0.06
0.04
0.02

0

.\\

0.183™~_0.147

0.088

6000 10000 60000 80000

Spindle speed (rpm)

30000

Figure 9. PLA cutting experiment (feed rate 600 mm/min).

..

0.026

0026

-

0.023

0.016
.
0.01
/;/

6000 10000 30000 60000 80000

Spindle speed (rpm)

Figure 10. PLA cutting experiment (feed per tooth 0.005 mm).
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0.16

0.14 0.142

0.12 0.097

0.1 0.086

Burr (mm)

0.08
0.06

0.04 0.026

.02 l_._%_i 0.01

0.003 0.005 0.01 0.03 0.05

Feed per tooth (mm)

Figure 11. PLA cutting experiment (spindle speed 60,000 rpm).

3.2. Compensation for Center-of-Rotation Errors

Error compensation for the center-of-rotation was an experiment for center-of-location calibration of
the five-axis machine tool. A 5 mm ball end mill was used on the A axis with table angles of rotation of
0°, —45°, and —90° to cut three grooves, as shown in Figure 12. The grooves’ depth of cut differences on
the Z axis were measured using 3D-Probe, as shown in Figure 13a—c. The angle of rotation at 0° along
the A axis was used as the baseline for the groove depth of cut. The depth of cut differences of angles of
rotation at —45° and —90° were D = 0.126 mm and D, = 0.206 mm, respectively. The measured depth
of cut differences were substituted into (2) and (3) to determine the center-of-rotation errors along the
A axis; the deviations were d,,, = —0.047 mm and d., = 0.159 mm on the Y and Z axes, respectively.
These values suggested that the actual center of rotation of the machine tool was located at the lower
right side of the center of rotation defined by the controller.

A 5 mm end mill was used on the C axis with table angles of rotation at 0°, 90°, and 180° to cut
three grooves, as shown in Figure 14. The cut grooves were measured using 3D-Probe. Side walls with
0° angle of rotation along the C axis were used as the baseline to measure the wall differences at 90°
and 180° on the X axis, and the differences were determined to be D3 = 0.029 mm and D4 = —0.008 mm,
respectively, as shown in Figure 15a—c. The side wall differences measured at 90° and 180° angles of
rotation along the C axis were substituted into (4) and (5) to determine the center-of-rotation error along
the C axis. The deviations on the X and Y axes were dy, = 0.004 mm and dy, = —0.033 mm, respectively.

0° —45° -90°
Figure 12. Three grooves cut on a table rotated along the A axis (0°, —45°, and —90°).
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— 45" Measuring point g ) .
A" Measuring point &P 90" Measuring point

Working Unit Working
Unit(mm) coordinate nit(mm) coordinate

X o000 X 0000 X 0000
Y 0000 Y 13400 Y 27598
[nz 0.000 2 0.126) 2 0.206

1]
C

Working Unit(mm)

-90.860° -99.600° A -90.660
6.600° ¢ 6.600° ¢ 0.660°
(a) Depth of cut at 0° as the baseline. (b) Depth of cut difference = (c) Depth of cut difference =
0.126 mm at —45°. 0.206 mm at —90°.
Workin: 3 Working nit(mm Workin
coordi.nagtc Unit(mm) coordinate Unit(mm) coor dinai- Unit(mm)

X 0.000 X 0.000 X 0.000

Y 0.000 Y 12.267 Y 21.209

A1) 2 oo0l) 2 0003
A A

-90.060° : T
o -96.000 -90.000
C 0.000 ¢ 9.000° ¢ 0.000°
(d) Depth of cut at 0° with (e) Depth of cut difference with (f) Depth of cut difference with

compensation as the baseline. ~ compensation = 0.001 mm at —45°.  compensation = 0.003 mm at —90°.

Figure 13. (a—c) actual Z axis depth of cut differences of the three grooves cut on a table rotated along
the A axis measured using 3D-Probe; (d—f) actual Z axis depths of cut with compensation.

A

0° 90° 180°
Figure 14. Three grooves cut on the table rotated along the C axis (0°, 90°, and 180°).

The errors on the A and C axes (dy,, dz,, dx,, and dy.) obtained during the experiments were
substituted into (6)—(8) to calculate the compensated errors of the NC program. Subsequently, cutting
experiments on the A and C axes were conducted according to the compensated NC program to
verify whether the compensation effect was observable. Figure 13d—f depict the actual depth of
cut differences on the Z axis for the three grooves cut on the table rotated along the A axis with
compensation. The groove depth of cut at 0° of rotation along the A axis was used as the baseline.
At —45° and —90° of rotation with compensation, the depth of cut differences were 0.001 and 0.003 mm,
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respectively. In addition, when the sidewall at 0° of rotation along the C axis was used as the baseline,
the sidewall differences on the X axis at 90° and 180° of rotation with compensation were —0.003
and —0.003 mm, respectively, as shown in Figure 15d—f. The experimental results revealed that the
compensated differences in cutting were within 5 pm on both the A and C axes.

€90" Measuri

ing point

Working
Unit(mm) coordinate

Working
Working coordinate

. Unit(mm)
i X 0.029) (X -0.008
:f gggg Y  -20.200 Y -40210
2 0000 gz " :z e
A
¢

Unit{mm)

0.000°
0.008° 8.060° 0.000°
‘ 0.066°
| (b) Sidewall difference at 90° (c) Sidewall difference at 180°
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Figure 15. Three grooves cut on a table rotated along the C axis measured using 3D-Probe and sidewalls
at 0° as the baseline to determine: (a—c) the differences on the X axis; and (d—f) actual differences on
the X axis with compensation.

3.3. Cutting-Path Planning in Five-Axis CAM of Stents and Actual Stent Machining

Using CAM software PowerMILL, layered spiral machining was adopted to plan the cutting paths
of the tools. Actual stent machining was performed after errors were compensated for. After completion
of the actual stent, distinct differences between stent structures finished with and without fillet
machining were observed, as shown in Figure 16. Figure 16a is similar to the typical cross-section
of a stent, with sharp edges, made by laser processing. The cross-section of the stent without fillet
machining shows the width 0.309 mm, the height 0.297 mm, and without significant round corner.
The cross-section of the stent with fillet machining shows the width 0.302 mm, the height 0.306 mm,
and the round corners (the left arch depth 0.073 mm and the right arch depth 0.073 mm).

Figure 17 presents cross-sectional images of Positions 1-9 at the front end, central part, and rear end
of the stent (segmented by an interval of a 120° arc) with and without compensation. The cross-section
height and width, arc homogeneity, and errors in arc dimensions were analyzed as follows:



Appl. Sci. 2020, 10, 2809 13 0f 18

Distance=0.076mm Distance=0.075mm

"y

=0.297 mm

Distance=0.309 mm "Distance=0.301mm
(a) Without fillet machining. (b) With fillet machining.

Figure 16. Differences in the stent structures with and without fillet machining. The height, width,

and arc depth are as defined in Figure 8.
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Figure 17. Cross-sectional images of Positions 1-9 at the front end, central part, and rear end of the
stent machined with compensation. The height, width, and arc depth are as defined in Figure 8.

3.3.1. Cross-Section Height of the Stent

This study used injection molding to form the tubal structure. During injection molding, heterogeneous
internal and external diameters resulted in different cross-section heights of the stent without reaming.
The error range was between 0.01 and 0.038 mm and the mean height error was 0.017 mm. Therefore,
higher homogeneity in internal and external diameters is necessary. Lathing was used to machine the
external diameter of the tubal material to 6 mm; next, reamers (diameter = 5.4 mm) were used
for reaming the internal diameter of the tube from 52 mm to 5.4 mm. The error range of the
cross-section height of the reamed stent was 0.002 to 0.009 mm and the mean height error was
0.004 mm. These results verified that the sidewall thickness of the tube after reaming approached an
identical value, thereby increasing the homogeneity of stent heights.
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3.3.2. Cross-Section Width of the Stent

The UX300 was employed with the following parameters: a single linear axis positioning precision
of 8 um, repeatability precision of 4 um, and rotation axis precision of 4 s. The cross-section width
of the cut stent structure was determined using the simultaneous motion of the Y, Z, and C axes
combined with layer-by-layer milling. Errors of dimensions were caused by machine positioning errors,
repeatability precision, and screw backlash, and were less affected by the table’s center-of-rotation errors.
Table 1 presents the cross-section width errors of the stent with and without compensation; the errors
with compensation were within 0.01 mm, and thus within an acceptable range of machining errors.

Table 1. Cross-section width errors of the stent with and without compensation.

Position Width Section Width Section Width Errors Section Width Section Width Errors
(No.) (Theoretical Value) without Compensation without Compensation with Compensation = with Compensation

1 0.3 0.301 0.001 0.301 0.001

2 0.3 0.301 0.001 0.306 0.006

3 0.3 0.305 0.005 0.301 0.001

4 0.3 0.305 0.005 0.304 0.004

5 0.3 0.312 0.012 0.308 0.008

6 0.3 0.313 0.013 0.309 0.009

7 0.3 0.303 0.003 0.298 0.002

8 0.3 0.307 0.007 0.301 0.001

9 0.3 0.303 0.003 0.302 0.002

Unit: mm.

3.3.3. Stent Arc Homogeneity

The homogeneity of stent arcs was analyzed using the round corner depth of cut and errors with
and without compensation, as shown in Table 2. A target round corner depth of cut of 0.1 mm was
set as the baseline to observe and measure the depths of cuts on the arcs of the cut stent structures.
The results revealed that the mean depth of cut of the arc without compensation was 0.074 mm, and the
error variation at the nine positions was 0.044 mm (maximum = 0.046 mm and minimum = 0.002 mm).
It was considered that the variation of the arc depth of cut was caused by center-of-rotation errors.
To validate the cause, the errors obtained in the experiment were used. The actual arc depths of cut with
compensation were compared with the target arc height values. The variation in depth of cut at the nine
positions was 6 pm (maximum = 0.027 mm, minimum = 0.021 mm), which was then compared with the
variation in arc depth of cut without compensation (0.044 mm). The comparison results revealed that
the homogeneity improved by approximately 86% with compensation. This suggested that, during
machining without compensation, the distance of cutting track deviation was the center-of-rotation error,
and the round corner arc homogeneity is highly correlated with center-of-rotation errors. However,
the experimental results with compensation revealed that the mean actual arc depth of cut was
approximately 0.075 mm, shorter than the theoretical value 0.1 mm.

Table 2. Round corner depth of cut and errors with and without compensation.

Position Arc Depth Arc Depth without  Arc Depth Errors  Arc Depth with  Arc Depth Errors
(No.) (Theoretical Value) A Compensation B A-B Compensation D A-D
1 0.1 0.106 0.006 0.077 0.023
2 0.1 0.063 0.037 0.074 0.026
3 0.1 0.055 0.045 0.076 0.024
4 0.1 0.098 0.002 0.075 0.025
5 0.1 0.059 0.041 0.073 0.027
6 0.1 0.064 0.036 0.076 0.024
7 0.1 0.104 0.004 0.079 0.021
8 0.1 0.063 0.037 0.074 0.026
9 0.1 0.054 0.046 0.074 0.026

Unit: mm.
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3.3.4. Arc Dimension Errors

It was considered that the arc profile errors of the stent were inferred to be caused by PLA material
rebound. PLA is a polymer material that exhibits elastic deformation under micromachining and may
cause cutting errors [23-25]. Cutting at a microscopic scale further causes the rebound phenomenon of
materials to manifest. Therefore, arc profile errors of the stent were inferred to be caused by PLA material
rebound. To verify this inference, the Young’s modulus E (2.8 GPa) and hardness H (0.2 GPa) of the PLA
used in this study were substituted into the material rebound formula proposed by Jardret et al. [20],
as depicted in (9) (where h is the theoretical depth of cut and A, is the actual depth of cut) to calculate
the rebound of PLA and compare the rationality of the arc shape:

ha/h = 0.41498l0gE/H — 0.4224 = 0.414981042.8/0.2 — 0.4224 = 67% )

The calculation results revealed that the actual to theoretical depth of cut ratio was 67%, implying a
material rebound rate of 33%. However, because a ball end mill was used to cut the arc structure with
12 cuts, as shown in Figure 18a, the removed thickness values were inconsistent; thus, the thickest
part was used for the rebound calculation. The rebound of the first cut was added to the second
cut. For example, the removed thickness of the first cut was 6.64 pm, which was multiplied by 33%
and produced a rebound of 2.19 um; accordingly, the actual removed thickness was 4.45 um, and the
profile of the first cut was moved horizontally 2.19 um (rebound) to the left. According to the first
cut’s rebound profile, the rebound profile of the second cut was calculated by multiplying its removed
thickness of 10.28 um by 33% to produce a rebound of 3.39 um. Therefore, the removed thickness of
each cutting must be summed to determine the ultimate arc shape with rebound considered. Table 3
presents the calculation results.

Figure 18b presents an optical microscope (OM) image of the actual stent’s cross-section after cutting.
The dotted line represents the imagined profile without rebound and the solid line represents the imagined
profile mapped according to the 33% rebound. The real stent arc profile after cutting was approximately
close to the imagined profile with 33% rebound. This result confirmed that rebound occurred during
cutting. The chain-dotted circle marked the thickest removed part during the cutting, where the greatest
rebound and the deepest cutting depth occurred. However, the profile with 33% rebound considered
was nearly identical to the actual arc profile of the stent. Figure 19 shows images of the completed stent
product; the external diameter and tube wall thickness were 6 mm and 0.3 mm, respectively.

Table 3. Removed thickness on the stent arc structure (12 cuts).

Number Theoretical Removed Actual Removed Removed Thickness with

of Cutting Thickness Thickness Considering 33% Rebound
1 6.64 4.45 2.19
2 10.28 6.88 3.40
3 15.05 10.08 4.97
4 15.45 10.35 5.10
5 13.37 8.96 4.41
6 11.33 7.59 3.74
7 10.00 6.70 3.30
8 7.63 5.11 2.52
9 5.75 3.85 1.90
10 4.08 2.73 1.35
11 2.54 1.70 0.84
12 0.83 0.56 0.27

Unit: um.
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Figure 18. (a) Arc cutting performed with 12 cuts using a ball end mill; (b) comparison of imagined
profile with 33% rebound and the actual cutting profile.

Figure 19. Completed stent product.

4. Conclusions

This study successfully produced a degradable PLA biomedical stent. A computer graphics software
package (SolidWorks 2013) was used to design the edge rounded struts of the stent. Data obtained from
experiments on center-of-rotation errors were substituted into homogeneous coordinate conversion
formulas. Center-of-rotation errors in the five-axis machine tool were compensated for to improve
the cutting precision (A and C axes) to be within 5 um. Furthermore, cutting parameter optimization
experiments were conducted, which determined the optimal conditions for cutting to be a spindle
speed of 60,000 rpm, feed per tooth of 0.005 mm, and feed rate of 600 mm/min. Finally, the error
compensation and optimal cutting parameters were combined in a CAM software package and
layered spiral micromilling to machine the actual stent. The machined actual stent had a cross-section
height error range of less than 0.01 mm, maximum height error of 7 um, cross-section width error
of approximately 0.01 mm, and arc depth of cut variation of approximately 6 um. The arc profile
errors of machined PLA stent suggested a rebound of 33%. Overall, the experimental results revealed
that the combination of five-axis machine tools with micromilling led to the successful fabrication
of a degradable biomedical stent (diameter = 6 mm, strut width = 0.3 mm, wall thickness = 0.3 mm,
and radius at round corners = 0.1 mm). The work developed in this research may open up future
possibilities for complex three-dimensionally structured biomedical stents with better performance
and functionality, which are currently limited by laser processing capabilities.
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