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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 

Procedia Manufacturing 34 (2019) 772–779

2351-9789 © 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/)
Peer-review under responsibility of the Scientific Committee of NAMRI/SME.
10.1016/j.promfg.2019.06.207

10.1016/j.promfg.2019.06.207 2351-9789

© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/)
Peer-review under responsibility of the Scientific Committee of NAMRI/SME.

47th SME North American Manufacturing Research Conference, Penn State Behrend Erie,  
Pennsylvania, 2019

Available online at www.sciencedirect.com

Procedia Manufacturing 00 (2019) 000–000
www.elsevier.com/locate/procedia

47th SME North American Manufacturing Research Conference, NAMRC 47, Pennsylvania, USA

Feasibility of Metal Additive Manufacturing for Fabricating Custom
Surgical Instrumentation for Hip and Knee Implants

Sudhanshu Nahataa, O. Burak Ozdoganlara,b,c,∗

aDepartment of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, USA
bDepartment of Material Science and Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, USA

cDepartment of Biomedical Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, USA

Abstract

The prevailing approaches for fabrication of orthopedic surgery instruments involve specialized machining processes on cast or stock parts. For
high-volume fabrication of those instruments, machining is the most cost-effective approach. However, many trial components and various patient-
specific (and/or physician-specific) tools and instruments have complex geometries and are needed only in very small batches sizes. Towards
addressing this strong need for efficient manufacturing of customized surgical instruments for hip and knee implant surgeries, in this work, we
performed a feasibility study by using a selective laser melting (SLM) process for this purpose. Additively manufactured (AM) 316L stainless steel
parts (in both as-built and stress relieved conditions) were compared with the traditionally manufactured components from nominally the same
material for both mechanical properties and microstructure. To improve the surface roughness of the AM parts, three different surface finishing
post-processes were evaluated to achieve the required roughnesses better than 1.5 microns Ra. Experiments are then conducted to evaluate the
effect of AM process parameters, including the laser power, hatch spacing and raster speed, on the resulting as-built surface quality. Lastly, two
sample surgical instruments were fabricated and post-processed to demonstrate the methodology. Overall, the use of metal AM for fabrication of
custom surgical instrumentation is deemed feasible and promising.
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1. Introduction

There is a strong demand for customized surgical instrumen-
tation for hip and knee arthroplasty surgeries [1]. These surgical
instruments are of complex and curved designs with extensive
diversity of geometries, and are fabricated at very small pro-
duction volumes, possibly as low as a few devices per design
per year. Currently, each implant is accompanied by a large
set of standard and customized instruments. In addition, there
is an increasing demand by orthopedic surgeons for modified
and/or customized instrumentation [2, 3, 4, 5]. The econom-
ical impact of these complex instrumentation is very signifi-
cant, reaching up to 70% of the manufacturing costs in medical
prosthesis industry. Due to the unique combined characteristics
of very low production volumes, complex designs, and short
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fabrication times, effective and economical manufacturing of
customized surgical instrumentation for hip and knee implants
poses considerable challenges for traditional manufacturing ap-
proaches. Although customization of instruments brings excit-
ing opportunities for innovating new designs that can have sig-
nificant impact in the success of surgical outcomes, the lack of
cost- and time-effective manufacturing approaches can hinder
potential advances [6, 7].

One of the manufacturing approaches that could address
this challenge is metal additive manufacturing (AM). Many ad-
vances during the last decade now enables AM to be used as
an effective means of fabricating functional products in a vari-
ety of markets [8], including aerospace [9, 10] and medical de-
vices [11, 12]. The current technology covers a relatively large
number of materials, with newer alloys constantly under de-
velopment. A large portion of the research in AM is devoted
to medical device applications, such as scaffolds and implants
[13, 14, 15, 16].

There has been a considerable amount of research in the
manufacturing literature on achieving fully dense parts using
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∗ Corresponding author. Tel.: +1-412-268-9890; e-mail: ozdogan-
lar@cmu.edu.

fabrication times, effective and economical manufacturing of
customized surgical instrumentation for hip and knee implants
poses considerable challenges for traditional manufacturing ap-
proaches. Although customization of instruments brings excit-
ing opportunities for innovating new designs that can have sig-
nificant impact in the success of surgical outcomes, the lack of
cost- and time-effective manufacturing approaches can hinder
potential advances [6, 7].

One of the manufacturing approaches that could address
this challenge is metal additive manufacturing (AM). Many ad-
vances during the last decade now enables AM to be used as
an effective means of fabricating functional products in a vari-
ety of markets [8], including aerospace [9, 10] and medical de-
vices [11, 12]. The current technology covers a relatively large
number of materials, with newer alloys constantly under de-
velopment. A large portion of the research in AM is devoted
to medical device applications, such as scaffolds and implants
[13, 14, 15, 16].

There has been a considerable amount of research in the
manufacturing literature on achieving fully dense parts using
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two powder-bed based AM processes: electron beam melting
(EBM) and selective laser melting (SLM) [17]. Research is also
underway for evaluation and optimization of AM processes to
obtain reproducible and uniform material characteristics on the
fabricated parts. Recent works presented assessment of mate-
rial properties, such as tensile strength, elastic modulus, elon-
gation and hardness, for a varying set of process parameters and
build orientations [14, 18, 19, 20]. Another area of research is
the assessment of part quality of additively manufactured parts,
including dimensional accuracy [21], porosity [22, 23] and sur-
face roughness [24, 25]. Research to date indicated that the final
material properties depend strongly on the selection of pow-
der, process environment, AM technology, process parameters,
built orientation and built location [18]. As such, each material
used with a given AM technology and system require a thor-
ough qualification to identify the effect of process parameters
on material and quality characteristics of fabricated parts.

In this work, we present a feasibility study for using a
powder-bed based direct laser melting AM process and the as-
sociated system to fabricate customized surgical instruments
from 316L austenitic stainless steel (SS). The material prop-
erties are required to satisfy the ASTM F899-12b “Standard
Specification for wrought Stainless Steels for Surgical In-
struments”, and dimensional tolerances within ±125 µm and
micron-level surface roughness (e.g., better than 1.5 µm) are
required [26, 27]. First, using a set of parameters provided by
the machine manufacturer for 316L stainless steel material, a
custom-designed artifact is fabricated to characterize the geo-
metric accuracy and repeatability of the process. Measurement
of specific features on the artifact are completed using an au-
tomated coordinate measurement machine (CMM). Second, a
set of tensile test specimens were fabricated, again using the
recommended parameter set but at different print orientations.
Tensile tests were then performed on both those samples and
traditionally-fabricated (rolled and machined) samples in order
to compare material properties and evaluate whether they sat-
isfy the ASTM F899-12b standard. Further material character-
ization and comparison were then completed, including inden-
tation hardness and microstructural evaluations. Next, towards
satisfying the surface roughness requirements for surgical in-
struments, various finishing processes are evaluated to improve
the surface quality of AM-fabricated components. Additionally,
a study is conducted to optimize the up-skin parameter set to
improve the surface roughness of the as-built part. Finally, to
demonstrate the AM process and the finishing approaches, two
customized surgical instruments were fabricated.

2. Experimental Methods

2.1. Materials and Manufacturing

In this work, 316L stainless steel was used with a chemi-
cal composition complying to ASTM F899-12b [27]. The SLM
machine (EOS M 290) used for printing the samples uses a
Yb-fiber laser with a maximum power output of 400 W and
a laser spot size of 70 microns [28]. Since powder plays an im-

portant role in imparting the resulting material properties, the
316L powder used in the experiments was acquired directly
from the machine manufacturer. Unless otherwise noted, the
following default “core” printing parameters (recommended by
EOS) were used during the experiments: layer thickness of 20
µm, laser power of 195 W, and raster speed of 1,083 mm/s. The
default laser scanning strategy was used, where the laser beam
was rotated by 67 deg. between subsequent layers.

Post-print heat treatment is typically required for SLM parts
due to the presence of residual stresses originating as a result
of rapid cooling [29]. Therefore, some of the test samples were
heat treated (stress relieved) in an electrical furnace within an
inert atmosphere. For this purpose, the SAE standard AMS2759
[27] for heat treatment of austenitic corrosion-resistant steel
parts was followed. According to the recipe, the parts were
soaked at 899◦C for a specific time, depending on the thick-
ness of the part, followed by slow cooling. For instance, an 8
mm thick tensile test specimen was soaked for 45 minutes at
899◦C and brought to room temperature by slow cooling that
took 6 hours.

2.2. Assessment of Dimensional Accuracy, Surface Roughness
and Repeatability

To evaluate the dimensional accuracy and repeatability of
the as-built samples, an in-house developed quality-standard ar-
tifact (QSA) [30] (See Fig. 1(a)-(b)) was used. The QSA pos-
sesses a range of features that enable assessment of dimensional
accuracy, repeatability, surface quality, as well as identification
of minimum feature size that the system can print for a particu-
lar parameter set. For our case, we focused on regions A and B
of the QSA. Region A consists of a 5x5 array of 3 mm square
pillars separated by a distance of 6 mm, and Region B consists
of a variable-height staircase. A coordinate measurement ma-
chine (CMM) with a measurement accuracy of 2 microns (Zeiss
DuraMax) was used for quantitative assessment.

The surface roughness was measured using a focus-variation
based microscope that is capable of providing the 3D surface
profile (Alicona InfiniteFocus). The vertical and lateral resolu-
tion are selected to be 100 nm and 5 µm, respectively. To rep-
resent surface roughness, we used average areal surface rough-
ness (S a).

2.3. Mechanical and Microstructural Characterization

A uniaxial tensile testing machine was used to measure a
range of mechanical properties, including yield strength (σy),
ultimate tensile strength (σu), elastic modulus (E), and duc-
tility (% elongation). An extension rate of 1.5 mm/min was
used for the tests. The axial displacement in the elastic regime
was measured using a strain gauge (KFH-6-350-C1-11L1M2R,
Omega Inc.) A quarter-bridge configuration was used for strain
gauge measurements. The tensile test specimens were manu-
factured according to the ASTM E8 “sub-size” specifications
[31]. These samples were printed in three different orienta-
tions to assess the effect of print direction [32]. Fig. 2 displays
the three print directions used for the experiments: horizontal
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Fig. 1. (a)-(b) In-house developed quality standard artifact (QSA) to evaluate dimension and position accuracy, and (c) simple calibration part for scaling, provided
by machine manufacturer.

Fig. 2. Tensile test samples: (a) printed samples with SS 316L, and (b) samples
made from traditionally-manufactured material.

(XY), side (YZ) and at 15◦angle with the horizontal plane (15).
These specimens were printed slightly larger in size and were
machined afterwards to the exact size in order to remove any
unwanted effects coming from surface-flaws/roughness and to
ensure the sample dimensions are accurate.

The microstructure of the samples were studied using an
optical microscope. The samples were polished and etched to
reveal the microstructure with an intent to measure the grain
size. The planar grain size was calculated using the line inter-
cept method (ASTM E112-12 [33]). To measure the hardness,
a Rockwell-B hardness tester was used. This tester uses a tung-
sten ball indenter with 1.5875 mm diameter. The specimen for
hardness testing was prepared in accordance with ASTM E18-
15 [34]. A five-point average is taken when reporting the results.

To qualify the AM-built parts for use as surgical instruments,
the aforementioned properties of the AM-built specimens are
compared with traditionally-fabricated (rolled and machined)
316L samples. The 316L used for traditionally-fabricated sam-
ples is solution annealed (min. 1900◦F) and adheres to the UNS
31600/31603 standard.

3. Results and Discussion

3.1. Dimensional and Location Accuracy

Table 1 provides the measurement results from region A and
B shown in Fig. 1(a). The mean widths in the x and y direc-
tions are found to be smaller than the nominal width, outside of
the targeted ±0.125 mm tolerance, with a small standard devia-
tion. This deviation in the mean width may be attributed to the
shrinkage of the material during cooling. A small standard devi-
ation of 11 µm between the features suggests that the shrinkage
is relatively uniform. The mean difference in z-height is 17 µm,
which falls well within the tolerance. The standard deviation for
the z-height measurements is relatively higher than that for the
x − y measurements; this could be due to the limited resolution
in z as a result of finite layer thickness of 20 µm.

Although the above results indicate that the process lacks the
required accuracy, the low standard deviation values attest to
the precision of the process. As such, accurate part dimensions
may be obtained by changing the prescribed dimension param-
eters during printing. For this purpose, to correct the shrink-
age in the x − y plane, dimensional scaling factors were iter-
atively obtained by using a relatively simpler calibration part
(see Fig. 1(c)), provided by the machine manufacturer. This part
consists of two sets of 5 mm thick walls located at 5 mm apart
(at regions A, B, C and D), and four 10 mm diameter cylindri-
cal posts (at regions 1, 2, 3 and 4). To quantify the shrinkage,
we measured the wall thickness and the wall-to-wall distance.
The scaling factors were increased if the measured thickness
is smaller than the nominal and vice versa. This iterative pro-
cedure is concluded when the measurement results are within
+/-125 µm (see Tab. 2). The obtained scaling factors were then
used to print the rest of the samples in the manuscript.

Table 1. Measurement results from the QSA. The dimensions are in mm.
Features Nominal Measured StDev

x-width (A) 3.000 2.800 0.009
y-width (A) 3.000 2.786 0.008

c-c x-distance (A) 6.000 5.995 0.011
c-c y-distance (A) 6.000 5.992 0.011

z-height difference (B) 0.000 0.017 0.034

3
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Table 2. Measurement results from the simple calibration part.
Outside Inside Nominal value

A [mm] 5.091 4.927 5.000
B [mm] 5.095 4.907 5.000
C [mm] 5.092 4.929 5.000
D [mm] 5.087 4.902 5.000

3.2. Mechanical and Material Testing

The mechanical and material testing is performed for sam-
ples with three different processing condition: traditionally
manufactured (rolled and machined), as-built (no heat treat-
ment), and stress relieved (heat treated).

3.2.1. Tensile tests
A stress-strain curve is obtained for each of the samples from

the uniaxial tensile tests. The stress-strain plot for the as-built
specimens and the traditionally-manufactured samples are plot-
ted in Fig. 3. These curves were used to determine the mechan-
ical properties given in Table 3. The 0.2%-offset method was
used to calculate σy of the material.

As expected, heat treatment had a relatively large effect on
the mechanical properties of the samples: The σy of heat treated
(HT) samples were found to be up to 20% higher than the that
of the as-built samples. After heat treatment, the σy for the ad-
ditively manufactured 316L reached to within 22 MPa (10%)
of the traditionally manufactured samples. The tensile strength
for all the tested samples were found to be comparable with
less than 5% deviation from the traditionally-manufactured
samples. The elastic modulus for the as-built samples were
found to be 10 GPa (∼5%) lower than both the heat treated
and the traditionally-manufactured samples. The largest dif-
ference between the traditionally manufactured and AM-built
samples was observed in the amount of elongation before frac-
ture. Where the rolled samples elongate over 72%, the AM-built
samples only elongated between 40-50%. This decrease in the
elongation (toughness) is possibly due to the process-induced
defects, which may be improved using hot isostatic pressing
(HIP) treatment [35].

Table 3. Tensile testing results. HT represent heat treated samples.
Sample σy (MPa) σu (MPa) E (GPa) Elongation (%)
Rolled 320 640 193 72.36

XY 251 662 178 43.78
HT-XY 318 659 188 43.63

YZ 280 645 179 43.76
HT-YZ 298 628 188 47.02

15 276 660 180 50.24
HT-15 322 647 189 49.42

3.2.2. Hardness Testing
The hardness of the samples were tested on both the top (the

plane normal to the build direction) and the side (the plane par-
allel to the build direction) surfaces. For the rolled samples, the

Fig. 3. Engineering stress-strain curves from uniaxial tensile testing of speci-
mens.

top and side surfaces were arbitrarily chosen. For the rolled
sample, the two sides differ in hardness by 3 HRBW (87.58
vs 84.52 HRBW). The hardness for the as-built samples were
found to be more than the rolled samples: 90.54 HRBW and
92.76 HRBW for top and side surfaces, respectively. For the
heat treated samples, the hardness values for both the top and
the side surfaces were found to be similar at 89-90 HRBW. In
general, the hardness for AM-built samples were found to be
marginally higher than the rolled samples.

3.2.3. Microstructural Analysis
The microstructural analysis includes evaluation of the aver-

age planar grain size in the specimens. From the measurements,
it was found that the rolled and the as-built samples had an
ASTM grain size No. 9 (fine) and No. 6 (medium), respectively.
Fig. 4 gives the micrograph at 100x for both the rolled and as-
built samples. The melt pool lines are clearly visible in the ad-
ditively fabricated as-built sample. According to the Hall-Petch
relationship, smaller grain sizes lead to higher σy [18, 36]; thus,
the Hall-Petch effect may be used to partly explain the observed
results presented in Table 3.

3.3. Surface Roughness Evaluation and Improvement

One of the key disadvantages of AM is the poor surface
roughness obtained in printed parts. To this end, we evaluated
the surface roughness on both the top and the side surfaces. The
surface texture of the as-built AM parts are shown in Figs. 5(a)-
(b). The average areal surface roughness, S a, of the top and
the side surface was found to be 6.8 µm and 17 µm, respec-
tively. The as-built surface roughness is an order of magnitude
worse than the required surface roughness for the surgical in-
struments. To improve the surfaces finish, we evaluated three
different finishing approaches: shot-peening, grinding (using
mounted points), and vibratory tumbling.

4
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Fig. 5. Surface roughness (S a) for top and side surfaces for (a)-(b) as-built, (c)-(d) shot-peened, and (e)-(f) ground specimens.
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Fig. 4. (a) Rolled sample having an ASTM grain size of 9, and (b) as-built
AM-sample having an ASTM grain size of 6.

Shot-peening is a commonly used method to introduce com-
pressive stresses on the surface of a part (see, e.g., [37]). In addi-
tion, it improves the surface finish of the parts by removing the
loose powder and compressing the rough surface features into
the surface. A commercially available shot-peening equipment
(Peenmatic 750S), which consists of a nozzle with adjustable

air pressure (0-8 bar), was used. For the as-built samples, ce-
ramic beads were used at 5 bar pressure for 5 mins while the
part is rotated manually to ensure an even coverage. The sur-
face texture after shot peening is highlighted in the Figs 5(c)-
(d). A higher reduction in surface roughness is seen for the side
surfaces as they possess higher amount of loose powder. Over-
all, the surface roughness improved to S a = 4.2 µm after shot-
peening.

To further improve the surface roughness of the AM-built
samples, we used mounted points in cylindrical form factor
(used with a rotary tool) made from abrasive materials, includ-
ing silicon carbide and aluminum oxide. A relatively high rota-
tional speed of 30,000 rev/min was used because of the smaller
diameter of the mounted points. This process was able to re-
move the material at a higher rate and rapidly reduced the S a

down to 1.2 µm, as shown in Figs. 5(e)-(f). Although, this pro-
cess was able to achieve the required surface roughness, it heav-
ily relies on generating customized tool path for a particular
geometry which is difficult to achieve for complex AM-parts.

Lastly, vibratory tumbling was used to improve the sur-
face finish for two example surgical instruments. Two different
commercially-available tumbling machines, HB DECI Duo and
SF MICRO Circular, were used from PostProcess Technolo-
gies. First, the parts are tumbled for 10 mins with suspended
solids abrasive media (in HB DECI Duo) which reduced the
surface roughness of the as-built parts from 5.84 µm to 3.30
µm. Second, the parts are tumbled for 2.5 hours with H-33 ce-
ramic media (22 deg. angle cut triangles) followed by a 30 mins.
burnishing cycle (in MICRO Circular). This further reduced the
roughness from 3.30 µm to 0.66 µm. The results from this three-
step vibratory tumbling process are discussed later in the text.

5



 Sudhanshu Nahata  et al. / Procedia Manufacturing 34 (2019) 772–779 777
S. Nahata and O.B. Ozdoganlar / Procedia Manufacturing 00 (2019) 000–000 6

Fig. 6. The break up of parameter-set for the AM-machine [28].

3.4. Surface Roughness Optimization

In this section, printing parameters were explored to alter
the surface finish on the top surface. For a part with 10 or more
layers, the machine uses three different parameter sets: down-
skin, core and up-skin (as shown in Fig. 6). The surface finish
of the top surface in as-built condition largely depend on the up-
skin parameter set. A set consists of parameters such as hatch
spacing, raster speed, power and thickness. To limit the scope
for this study, these parameters are varied within ±20% from
their default values.

Fig. 7 describes the experimental matrix used for this com-
parative study. For this study, 10 mm x 10 mm x 10 mm coupons
are printed and an area of 2 mm x 2 mm was scanned for the
roughness (S a) measurement. A low pass filter of 400 µm was
used to separate roughness from the waviness profile. For each
measured 3D area, the system estimates its repeatability and
stores the value; the points which passes a repeatability thresh-
old of 0.1 µm were used for the calculation of roughness.

Fig. 7 lists the calculated S a values in µm. The arrows in-
dicate the relative surface roughness with respect to the default
parameter set. The default parameters resulted in a roughness
of 6.1 µm on the top surface. An increase in laser power and
a decrease in raster speed was seen to have a positive effect on
the surface finish. Both the changes result in a larger melt pool
which allows additional time to the melted material to flow.
This causes an even flow of material, thus, improving the sur-
face roughness of the top surface [38]. An increase in the num-
ber of up-skin layers (increase in thickness) from 2 to 3 also
resulted in a finer surface finish. Similar results are obtained
when hatch spacing is decreased by 10%. Overall, an increase
in power by 20% has the largest effect on the surface roughness.
Fig. 8 compares the difference in topography of the top surface
for default parameter set and when the power is increased by
20%.

In principle, the melt-pool size can be further increased by
increasing the laser power and decreasing the raster speeds to
obtain improved surface finish; however, this will move the pro-
cess closer to the “spatter” condition, which is undesirable and
could cause increased surface roughness [39]. Note that in this
small optimization study, we only changed the “top-skin” print-
ing parameters which constitutes the top 2-3 layers and do not
change the “core” parameters which is used to print the bulk

Fig. 7. The experimental matrix for optimization of surface finish and corre-
sponding results.

Fig. 8. Difference between the top surfaces of the as-built coupons when printed
at two different power levels.

of the thickness. Therefore, this optimization routine is not ex-
pected to affect the bulk mechanical properties and rather only
change the surface finish of the top surface.

4. Sample Surgical Instruments

Two custom surgical instruments—a cut guide and an ac-
etabular shell trial—were printed to demonstrate the AM pro-
cess and surface finishing approaches. These instruments were
printed using the identified scaling factors to meet dimensional
tolerances. Fig. 9(a) shows the printed orientation of the instru-
ments; Fig. 9(b) shows the samples in upside-down orientation
after the support removal. The outer diameter of the acetabular
shell trial is measured (see Fig. 9(c)) using a caliper which reads
49.98 mm and thus satisfies the tolerance of +/- 125 µm (nom-
inal diameter 50 mm). Lastly, Fig. 9(d) shows the two samples
after being processed in vibratory tumbling (in three-steps, see
Sec. 3.3) where a sub-micron surface finish was obtained (0.6
µm - 0.9 µm S a).

6
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Fig. 9. Sample surgical instruments manufactured using SS 316L: (a)-(b) in as-built state with and without supports, respectively, (c) measurement of outside
diameter, and (d) finished parts after vibratory tumbling.

5. Conclusions

This work presented a feasibility study towards fabricating
custom-designed surgical instruments for knee and hip replace-
ment using metal additive manufacturing. To establish the fea-
sibility, a number of tests were conducted where the AM-built
material was compared with the traditionally-manufactured
(rolled) material.

The geometric characterization of the QSA helped in identi-
fying the dimensional errors in the AM-built parts. The iterative
process using a simple calibration part helped in identifying the
appropriate scaling factors to achieve the desired geometric tol-
erance.

The mechanical testing results indicated that the traditionally
fabricated and AM-fabricated parts are comparable for most
of the properties (such as tensile strength, Young’s modulus
and hardness). The exception was ductility, which was 20-30%
lower for the AM-built samples than the machined samples.
The stress relieved samples show higher yield strength than the
as-built samples, which was comparable to the rolled samples.
Upon assessing the microstructure, fine grains (average grain
size of 15 µm) was observed for rolled samples compared to
medium sized grains (average grain size of 50 µm) for the as-
built AM samples, which may explain the difference in the yield
strength.

To improve the surface finish of the AM-built parts, both
grinding (via mounted points) and vibratory tumbling was
found to be successful in meeting the targeted requirements.
However, vibratory tumbling was found to be better suited for
complex 3D geometries such as the sample surgical instruments

discussed in the study. A study was conducted to optimize up-
skin parameter set to improve the surface finish on the top sur-
face of the as-built part. It was found that by increasing the laser
power by 20%, a 45% decrease in the as-built surface roughness
is observed. A decrease in surface roughness is also achieved
by decreasing the laser scan speed and an increase in the num-
ber of up-skin layers. Lastly, two sample surgical instruments
were successfully fabricated and post processed, meeting all the
aforementioned requirements for surgical instruments.
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[22] G. Ziółkowski, E. Chlebus, P. Szymczyk, and J. Kurzac. Application of X-
ray CT method for discontinuity and porosity detection in 316L stainless
steel parts produced with SLM technology. Archives of Civil and Mechan-
ical Engineering, 14(4):608–614, 2014.

[23] S. Dadbakhsh, L. Hao, and N. Sewell. Effect of selective laser melting
layout on the quality of stainless steel parts. Rapid Prototyping Journal,
18(3):241–249, 2012.

[24] Giovanni Strano, Liang Hao, Richard M. Everson, and Kenneth E. Evans.
Surface roughness analysis, modelling and prediction in selective laser
melting. Journal of Materials Processing Technology, 213(4):589–597,
2013.

[25] K. Alrbaey, D. Wimpenny, R. Tosi, W. Manning, and A. Moroz. On opti-
mization of surface roughness of selective laser melted stainless steel parts:
A statistical study. Journal of Materials Engineering and Performance,
23(6):2139–2148, 2014.

[26] Warren G Ragland III. Surface Finish Analysis of Surgical Tools Cre-
ated by Direct Metal Laser Sintering and Subtractive Manufacturing. 2012
NCUR, 2012.

[27] ASTM International. ASTM F899-12b, Standard Specification for
Wrought Stainless Steels for Surgical Instruments. 2012.

[28] EOS. http://www.eos.info/eos-m290, 2015.
[29] K. Saeidi, X. Gao, F. Lofaj, L. Kvetková, and Z. J. Shen. Transformation
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