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In the past one decade, use of intramedullary (IM) pins (Steinmann pins or end-threaded pins) as implants
for the repair of long bone fractures in canine has been widely reported. One of the major limitations of
these pins is implant dislodgement and proximal migration mainly due to less retention rate in the proximal
end. Some studies have reported the fabrication of IM pins for canine by conventional machining methods,
but hitherto little has been reported on the innovative profiles of IM pins for canine prepared by direct
metal laser sintering (DMLS) of 17-4 precipitation-hardening (PH) stainless steel (SS). This paper reports
the fabrication and process parametric optimization for innovative IM pin profiles on 17-4PH SS with
DMLS. The selected output parameters are surface hardness (HV), surface roughness (Ra), and dimen-
sional error (Ad). The results of the study suggest that laser power 100 W, scan speed 1200 mm/s, and layer
thickness-0.04-mm are the best settings of DMLS from a multi-factor optimization viewpoint. The results
have been supported with scanning electron microscopy-based photo-micrographs, 3D rendered images,

porosity (%), and grain size number.
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1. Introduction

In the recent past, additive manufacturing (AM) processes
have been widely explored for bio-medical applications (Ref 1).
In almost all AM processes, functional parts are prepared from
computer-aided design (CAD) models, usually by the following
layer by layer deposition techniques (Ref 1-2). In AM, desired
geometrical accuracy is obtained by producing minimal
possible waste. These processes can manufacture complex
geometrical components, especially for biomedical applica-
tions. Along with biomedical applications, AM processes are
being extensively used in the aerospace, automotive, defence,
and construction industry (Ref 3-4). As per reported literature,
the AM has been extensively used for printing biomedical
models, biomaterials, dentistry, and orthopedic scaffolds and
implants (Ref 5). The customized/patient-specific product is
being designed and fabricated by AM techniques more
efficiently. Additively manufactured cranioplasty implants have
accuracy that meets the current best practice (Ref 6). It saves
time and cost by creating an ideal fit implant (Ref 7). The
success of any medical device depends on the choice of proper
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material to fulfil the expected function (Ref 8). The perfor-
mance of biomedical material is dependent on two factors: bio
functionality and biocompatibility (Ref 9). Biofunctionality
deals with the ability of the equipment to perform the required
function, whereas biocompatibility refers to the compatibility of
the material in the body. The number of metals and alloys that
are used for medical implants is limited because of their
biocompatibility-related issues. The SS316L, Ti alloys, and Co-
Cr alloys are the mainly used metals for angioplasty, fracture
fixation, and bone remodeling. These alloys provide long-term
stability under highly reactive in-vivo conditions and have
excellent mechanical properties (Ref 10). The Ti alloys are the
most significantly used metallic materials in orthopedic and
dental implants because of their corrosion resistance, biocom-
patibility, and excellent mechanical properties (Ref 11). The
SS316L an alloy of Fe, Ni, and Cr is also widely used in
medical applications (Ref 12). It has been reported that
inadequate wear resistance is a major drawback of Ti alloys.
Mini screw implants made of SS and Ti alloys give similar
mechanical stability and histologic response. These both fit for
clinical uses of immediate orthodontic loading (Ref 13).
According to in vitro cytotoxicity results, 17-4 PH SS foams
show sufficient biocompatibility. It can be considered that 17-4
PH SS is a potential material for biomedical applications (Ref
14).

The DMLS is one of the recent AM technologies for rapid
manufacturing (Ref 15). In DMLS, the laser is used as the
power source to sinter material layer-by-layer. It is favorable for
complex and dense geometric components (Ref 16). It does not
melt the powder, so less energy is required. Pure metals or
metal alloys are used for fabricating the components. Even
mixtures of different metal powders can also be successfully
printed. It has been reported that reduction in process time and
cost optimization of process parameters is very important in
DMLS (Ref 17). Some studies have reported that in the DMLS
process, hardness is most affected by hatch distance (Ref 18),
and build direction has a significant effect on Ra and Ad (Ref
19).
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Nowadays due to excessive vehicular congestion, there are
high occurrences of long bone fractures in dogs (Ref 20).
Comminute, oblique, or multiple fractures (classified as frac-
tures or unstable configuration) occurring due to vehicular
trauma or fall from height is very common now a days. For
such cases in orthopedic surgery, IM nailing is a standard
procedure (in long bone fractures) (Ref 21). IM pinning is a
commonly used technique for such veterinary patients. In this
technique, the IM pin is passed through the intramedullary
cavity of the bone for repairing the fractures. Usually, a simple
IM pin is not suggested to treat long bone fractures in dogs
especially of unstable configuration as it does not counteract
compression and rotational forces. Simple IM pins cannot be
used alone because they may not provide adequate traction and
rotational stability (Ref 22). Fractures of unstable configuration

IM pin
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Fig. 1. Fracture repaired with end threaded pin (in mix breed dog)
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are treated by static or rigid fixation techniques such as bone
plating and intramedullary interlocking nailing but they defy
the principle of biological osteosynthesis. The concept of bi-
ological osteosynthesis emphasis that fracture fixation should
be attempted in a minimally invasive fashion, and soft tissue
structures should be preserved around the site of fracture.
Osteosynthesis is a complex process for canine long bones as it
requires knowledge of biomechanical principles, biology, and
surgical techniques (Ref 23). It has been reported that fractures
treated with bone plates have a higher success rate (91%) as
compared to IM pinning (64.2%) (Ref 24). On the other hand,
IM pins provide less soft tissue dissection than bone plating
(Ref 25). Less rigid fixation techniques like IM pinning,
bridging plate helps in healing faster than fractures repaired
with rigid fixation techniques such as bone plating (Ref 26). In
the fixation of mandibular condyle fractures, Ti-based IM
implants give more strength and stiffness than mini plates (Ref
27). The end threaded pin is a modification of a simple
Steinmann pin. The threaded portion in end threaded pin
provides better holding of the pin in the distal end of the bone
(Ref 28). Fig. 1 shows fracture repaired by end threaded pin.
An IM fully threaded pin provides good rotational stability in
both proximal and distal ends (Ref 29). End threaded pin can be
modified by using more threads and of different profiles.
Positive profile threads can be used in the proximal end of the
bone to provide better holding of threaded pins. It may increase
the retention rate in the proximal end of the bone.

For ascertaining the research gap, the web of science
database (for years 1999-2021) has been explored by putting
the keyword ’intramedullary pins’, and 860 results were
obtained from the core collection. These results were further
sorted out based upon the highest number of citations, and the
top 500 articles were selected. After this, another keyword
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Fig. 2. Bibliographic analysis for keyword ‘intramedullary pins’
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Fig. 3. Research gap analysis for keyword ‘intramedullary pins’
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Fig. 4. Bibliographic analysis for keyword ‘intramedullary pins for canine’

Fig. 5. Research gap analysis for the keyword ’intramedullary pins for canine’
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Fig. 6. Process flow diagram for the present study

’intramedullary pins for canine’ was used, and 30 results were
obtained. For analysis of these results, VOS viewer open source
software has been used. By selecting a minimum number of
occurrences of term ’5°, 710 terms met the threshold out of
11686 terms. Further for these 710 terms, relevance score was
calculated, and the top 60% terms 426’ were used for analysis.
Based upon the calculated relevance score, Fig. 2 shows the
networking diagram as bibliographic analysis. As observed
from Fig. 2, 04 different clusters were noticed for previous
studies. By selecting the intramedullary pin as nodal point,
research gap analysis has been highlighted (Fig. 3). Similarly,
Fig. 4 and 5, respectively, show bibliographic analysis for the
keyword ’intramedullary pins for canine’ and research gap
analysis for the keyword ’intramedullary pins for canine’

The literature review reveals that IM pins as implants for the
repair of long bone fractures in the canine have been widely
used. One of the major limitations of these pins is implant
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dislodgement and proximal migration mainly due to less
retention rate in the proximal end. Some studies have reported
the fabrication of IM pins for canine by conventional machin-
ing methods, but hitherto little has been reported on the
innovative profiles of IM pins for canine prepared by DMLS of
17-4 PH SS. This study reports the fabrication and process
parametric optimization for innovative IM pin profiles on 17-
4PH SS with DMLS.

2. Methodology

The present study was completed in 06 stages. Figure 6
shows the process flow diagram for the present study.

Stage 1-Subject selection: The femur bone of the canine
(pitbull of age 1 year) was selected.

Stage 2-CAD modeling of innovative IM pin profiles: The
CAD files of innovative profiles of IM pins were gener-
ated with Solidworks software for the selected bone part.

Stage 3-Thermoplastic acrylonitrile butadiene styrene (ABS)
printed IM pins: The innovative profiles IM pins were
printed on a thermoplastic-based fused deposition model-
ing (FDM)-based printer by using ABS material.

Stage 4-Pin profile selection by the surgeon: The best pro-
file pin from these pins was selected by the surgeon based
upon his experience.

Stage 5-Selection of material and process parameters: The
material selected was 17-4 PH SS and process parameters
were LP, ScS, and LT.

Stage 6-Printing of selected IM on DMLS: IM pin selected
by the surgeon was fabricated on DMLS by using differ-
ent process parameters.

Stage 7-Measurement of HV, Ra, and Ad: Measurement of
hardness was performed by using microhardness tester (in
HV), Ra was measured by surface roughness tester (in
pm), and Ad was measured by comparing the length of
printed pins with the CAD file by using the digital vernier
caliper.

Stage 8-Optimization of process parameters: Optimization
was performed from a multi-factor optimization viewpoint.

3. Experimentation

3.1 Printing the CAD File of Pins on FDM

For the femur bone of the canine (Fig. 7a) based upon the
selected subject), innovative profiles on IM pins were designed
(Fig. 7b, ¢, and d) in consultation with a veterinary surgeon.
The CAD files of these innovative profile pins were generated
using Solidworks. CAD files of innovative IM pins were
converted into standard triangulation language (STL) format.
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Fig. 7. (a) Selected bone for IM pins (b) CAD of simple threaded pin (c) CAD of tapered threaded pin (d) CAD file of the double-threaded

pin (e) FDM printer (f) ABS printed threaded pin
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Fig. 8. Detailed drawing of selected IM pin

The files in STL format were imported in CatalystEX software,
and slicing of CAD files was performed. After slicing the CAD
file, the orientation and density of pins were selected. Different
pin profiles were printed on a thermoplastic-based FDM printer
(Fig. 7e). The commercial P430 (ABS model material) and
P400-SR (soluble support material) provided by Stratasys, USA
was used in this study. From the different pin profiles printed,
Pin no 3 (double threaded IM pin) has been selected by the

244—Volume 31(1) January 2022

surgeon as shown in Fig. 7(f). The selected IM profile was used
for further fabrication on DMLS.

It has been reported that the IM pin should have a diameter
of 50-70% of the intramedullary cavity of the bone (Ref 30). In
the present case study length of the pin = 150 mm. The tip was
made taper to make drilling easier into the cancellous bone
(Fig. 8). The other specifications are:

Pitch of V threads = 1.5 mm

Journal of Materials Engineering and Performance
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Fig. 9. Process flow for printing pins in DMLS

Pitch of square threads = 2 mm
Diameter of larger end = 7 mm
Diameter of the smaller end of pin= 6 mm

3.2 Fabrication of Pins on DMLS

In this case study, the material selected for printing IM pins
was 17-4 PH SS. The metallic powder was preheated in the
furnace for removing the moisture present. The CAD file in
*.STL’ format was imported in 3Dxpert software. Inclined wall
support was provided to the pins for reducing the residual
stresses. After adding support to the pins, the slicing of the
CAD file was performed. Recalculating of slicing was done to
change the process parameters (like LP, ScS, and LT). The
process flow diagram for DMLS is shown in Fig. 9.

Based upon Fig. 9, 10 shows a diagrammatical representa-
tion for all steps. For printing of the IM pins, the design of the
experiment (DOE) based upon Taguchi L9 orthogonal array
(0.A) was followed (Table 1 and 2). After changing the process
parameters, final slicing was carried out. The file was imported
in Proxdmp 200 in .fab format. Build plate of material

Journal of Materials Engineering and Performance
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Z8C17(steel) was loaded into the machine. Argon gas was
used to provide an inert atmosphere in the machine chamber.
Post-heat treatment was performed to remove residual stresses
and to improve mechanical properties. Pins and support were
removed from the build plate by using wire electrical discharge
machining (WEDM).

4, Results and Discussion

After the printing of pins at different process parameters (as
per Table 2); HV, Ra, and Ad were measured, and the
corresponding signal to noise (SN) ratios were calculated using
Minitab 17 software (Table 3). For SN calculations in the case
of HV, it required to be maximum the better type case, so for
this case, SN ratio can be calculated as:

1< ]
— _10log|-S "=
n og{nzyz}

k=1
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Fig. 10. (a) Sieving of powder, (b) Pre-heat treatment of powder, (c) Adding support to the pins in 3Dxpert software, (d) DMLS (proxdmp
200), (e) Post-heat treatment of IM pins, (f) Pins on build plate after post-heat treatment, (g) Surface roughness tester, (h)Vertical Vernier caliper,
(i) Microhardness tester

Table 1. DMLS process parameters and their levels For properties Ra and Ad smaller is better type case was

Process parameter, s A: LP, W  B: S¢S, mm/s  C: LT, mm selected and SN ratios can be calculated as;
9 . 9 . 9 . 9
n
Level 1 100 1000 0.02 n=—10log lz 2
Level 2 120 1200 0.03 né—
Level 3 140 1400 0.04

Table 2. DOE for selected parameters

Exp. no. LP, W ScS, mm/s LT, mm
1 100 1000 0.02
2 100 1200 0.03
3 100 1400 0.04
4 120 1000 0.03
5 120 1200 0.04
6 120 1400 0.02
7 140 1000 0.04
8 140 1200 0.02
9 140 1400 0.03

The experiment was repeated three times to reduce the experimental error
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Table 3. Observations for different output parameters of DMLS

Exp. No. HV Ra, pm Ad, mm SN for HV SN for Ra SN for Ad
1. 339.6+1.5 5.7940.09 0.05+0.004 47.8855 — 15.2536 27.9588
2. 247.9+1.5 3.1940.08 0.04+0.003 47.0591 — 10.0758 30.4576
3. 225.4+2.5 2.13+0.10 0.03+0.004 49.0847 — 6.5676 24.4370
4. 284.6+1.5 4.391+0.09 0.06+0.004 47.3023 — 12.8493 26.0206
5. 231.8+2.0 2.32+0.09 0.05+0.002 50.2457 — 7.3098 27.9588
6. 325.3+2.0 4.910.11 0.04+0.003 48.9988 — 13.8039 23.0980
7. 281.8+1.5 4.26+0.12 0.07+0.004 50.9801 — 12.5882 21.9382
8. 354+1.5 6.771+0.19 0.08+0.005 48.5107 — 16.6118 24.4370
9. 266.4+1.5 4.19+0.09 0.06+0.004 47.8855 — 12.4443 27.9588
ws  LP Scs ¢ LT s 1p Scs LT , 2 “rp SeS , LT
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Fig. 11. Main effect plots for HV (a), Ra (b), and Ad (c)

Table 4. ANOVA for HV, Ra, and Ad

Source DoF Seq.SoS Adj. MoS F P %C
ANOVA for HV

A 2 1.4610 0.73052 13.63 0.068 9.0

B 2 1.6542 0.82709 15.43 0.061 10.19
C 2 12.9994 6.49970 121.23 0.008 80.13
Residual error 2 0.1072 0.05362 0.66
Total 8 16.2219

ANOVA for Ra

A 2 17.5866 8.7933 46.99 0.021 19.20
B 2 12.0246 6.0123 32.13 0.030 13.13
C 2 61.5721 30.7861 164.53 0.006 67.24
Residual error 2 0.3742 0.1871 0.40
Total 8 91.5576

ANOVA for Ad

A 2 37.794 18.8968 30.02 0.032 66.25
B 2 15.570 7.7851 12.37 0.075 27.29
C 2 2.417 1.2083 1.92 0.342 4.33
Residual error 2 1.259 0.6294 2.20
Total 8 57.039

DoF: Degree of freedom, Seq. SoS: Sequential sum of squares, Adj. MoS: Adjusted mean of squares, F: Fisher’s value, P: Probability, % C:
Percentage contribution
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Table 5. Grain size number/area and porosity analysis

S.No.  Grain size number as per ASTM E 112

1.
T region selected
for,analysis
grain area (mm?): 0.0005
2.
The region
selected for
analysis
Grain size No. 8
Avyg. grain area (mm?): 0.0005
3.
The region
selected for
analysis
Grain size No. 7.5
Avg. grain area (mm?): 0.00071
4.
The regi n
selected
analysis \
Grain size No. 7.5
Avg. grain aréa (mm?): 0.00071
5.
The region
selected for
analysis \
Grain size No.-8
Avg, grain area (mm?): 0.0005
6.

The region
selected for

analysi \

Grain size No. 8
Avg. grain area (mm?): 0.0005

248—Volume 31(1) January 2022

Porosity (%) as per ASTM B276

Porosity: 14.17%

Porosity: 7.51%

x500

Porosity: 34.47%

Porosity: 29.77%

Porosity: 27.06%

X500

Porosity: 18.12%
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Table 5. continued

7.
The, region \
selected for
analysis \
Grain size No. 8 - ¢
Avg. grdin area (mm?): 0.0005
8.
selected for :
analysis\'
Grain size No. 7.5
Avg. grain area ( mm?):0.00071
9.

The regi

analysis \
Grain size No. 8

Avg. grain area (mm?): 0.0005

where 77 is SN ratio, # is the no. of experiment, and y is the
material property at experiment no. k. Based upon SN ratio
calculations, Fig. 11 shows main effect plots for HV, Ra, and
Ad. The analysis of variance (ANOVA) was also performed
using SN analysis for HV, Ra, and Ad (Table 4).

As observed from Fig. 11, for HV the best settings are: LP
140W, ScS 1000mm/s and LT 0.02mm. These settings are but
obvious because the highest LP, minimum ScS, and minimum
LT will provide more heat input to the functional prototype. The
ANOVA analysis further clarified that %C for LT was highest,
and this was the only significant factor (at 95% confidence

Journal of Materials Engineering and Performance

Porosity: 24.91% .

x500
i

Porosity: 25.55%

X500

Porosity: 21.53%

level). For Ra and Ad, the LP 100W, ScS1400mm/s, and LT
0.4mm are observed as best settings. In the case of Ra, all three
input parameters were observed as significant in ANOVA
analysis (at 95% confidence level) with the highest %C of LT
just similar to HV. Further, for Ad the highest %C was observed
for LP, and this was observed as the only significant factor (at
95% confidence level).

Further based upon Table 2 and 5 show the grain size
number, average grain area (as per ASTM E 112), and porosity
(%) (as per ASTM B 276). As observed from Table 3, more
hardness was observed in experiments no. 1, 6, and 8. It should

Volume 31(1) January 2022—249



Table 6. 3D rendered images, ADF and PC analysis

SEM images 3D rendered SEM image ADF PC
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Table 6.

continued
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be noted that for these experimental settings, the LT was the
same (0.02 mm), which was observed as the only significant
parameter for HV (as per Table 4). Based upon grain size
analysis, it has been noticed that for experiment no. 8, avg.
grain area has increased, hence no. of grains per unit area is
decreased. This may have contributed to higher HV, Ra, and Ad
(Table 5). For further analysis, the SEM images were processed
with open-source image processing software, and 3D rendered
images of microstructure, amplitude distribution function
(ADF) and peak count (PC) of Ra profile were calculated
(Table 6). As observed from Table 6 for the sample prepared in
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experiment no. 8, the signature for ADF is more uniform (bell-
shaped) as compared to experiment no. 1 and 6. Correspond-
ingly the PC value for experiment no. 8 was also higher, which
may have contributed to higher Ra and Ad.

Further for multifactor optimization, SN for Ad, Ra, and HV
(observed in Table 3) was analyzed by assigning equal
importance to HV (Table 7), and correspondingly, composite
desirability was calculated. Based upon Table 7, Fig. 12 shows
the optimization plot for Ad, Ra, and HV with optimized
settings as 1-2-3 means LP 100W, ScS 1200 mm/s, and LT
0.02 mm.
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Table 7. Response optimization: SN for Ad, SN for Ra,
SN for HV (based upon Table 3)

Response Weight Importance
SN for Ad 1 2
SN for Ra 1 3
SN for HV 1 1
Solution: Composite
A B C Desirability
1 2 3 0.8034
Optimal Hiah A B C
D:08034 M9 3 3 3
Cur 1 g 5
Predict Low 1 1 1
Composite I L o * @ *
Desirability ¢ o
D: 0.8034
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Fig. 12. Optimization plot for Ad, Ra, and HV

5. Conclusions

Following are the conclusions from this study:-

The innovative IM pin profile on 17-4PH SS has been
successfully prepared on DMLS setup after ascertaining
the best profile (based upon veterinary surgical practices).
The selected output parameters of DMLS were HV, Ra,
and Ad. The results of the study suggest that for HV, LT
is the only significant parameter with %C of 80.13%. For
Ra of IM pins all three selected input parameters (LP,
ScS, and LT) were significant. However, LT was observed
as the most significant parameter with %C 67.24%. As re-
gard to Ad, the most significant parameter was observed
as LP with %C of 66.25%. These results are in line with
morphological observations captured through SEM (based
photomicrographs, 3D rendered images, porosity (%), and
grain size number).

From multifactor optimization view point best settings of
DMLS are 100 W LP, 1200 mm/s ScS and 0.04 mm LT.
The proposed IM pins are ready to use implants for ca-

252—Volume 31(1) January 2022

nine with possible better retention capabilities leading to
less invasive surgical practices.

Further studies may be performed with different pin pro-
files, hollow sections, metamaterial-based 3D printing of
IM pins for reducing the weight component and increasing
the damping capabilities of the implant.
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