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Abstract

Osseointegrated implants transfer loads from native bone to a synthetic joint and can also function transder-
mally to provide a stable connection between the skeleton and the prostheses, eliminating many problems
associated with socket prostheses. Additive manufacturing provides a cost-effective means to create patient-
specific implants and allows for customized textures for integration with bone and other tissues. Our objective
was to compare the osseointegration strength of two primary additive manufacturing methods of producing
textured implants: electron beam melting (EBM) (mean Ra = 23 lm) and direct metal laser sintering (DMLS)
(mean Ra = 10 lm). Due to spatial resolution, DMLS can produce surfaces with a roughness comparable to
EBM. Two cohorts of Sprague-Dawley rats received bilateral, titanium implants in their distal femurs and were
followed for 4 weeks. The first-cohort animals received EBM implants transcortically in one femur and a
DMLS implant in the contralateral femur. The second cohort received DMLS implants (either fine textured or
coarse textured to mimic EBM) in the intramedullary canal of each femur. Osseointegration was evaluated
through mechanical testing and micro-computed tomography (bone volume fraction [BV/TV] and bone-implant
contact [BIC]). The fixation strength of coarse textured implants provided superior interlocking relative to fine
textured implants without affecting BV/TV or BIC in both cohorts. Coarse EBM implants in a transcortical
model demonstrated an 85% increase in removal torque relative to the fine DMLS textured implants. The thrust
load in the intramedullary model saw a 35% increase from fine to coarse DMLS implants.

Keywords: additive manufactured implants, electron beam melting, direct metal laser sintering, bone-implant
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Introduction

By 2050, the number of amputees in the United States is
expected to double from *1 in 190 in the year 2005.1 Direct
transcutaneous osseointegrated prostheses constitute an
emerging alternative to traditional socket prostheses that
offer a stable connection and the elimination of dermal le-
sions caused by the socket-skin interface. Osseointegrated
implants also transfer loads from the residual native bone to a

synthetic joint and back to the opposing bone in total joint
replacements. In 2010, an estimated 4.7 million individuals
living in the United States had a total knee implant and 2.5
million had a total hip implant.2 The rates of new total knee
and total hip arthroplasties in the United States are expected
to increase to *3.48 million and 572,000 per year, respec-
tively, by 2030.3 Additively manufactured (AM) implants
provide a cost-effective means to customize the shape of the
implant to interface with a patient’s unique bone morphology
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and allow for the customization of the surface texture that
integrates directly with the bone and other tissues.

Electron beam melting (EBM) and direct metal laser sin-
tering (DMLS) are the two primary methods for producing
AM titanium implants for osseointegation. There have been
several studies verifying the biocompatibility of titanium
fabricated by these two methods.4–6 However, there have
been few studies comparing DMLS with EBM for osseoin-
tegration.7 The objective of this study is to compare the os-
seointegration strength of two AM methods of producing
textured implants: ‘‘as-built’’ coarse textured (mean – stan-
dard deviation [SD]: Ra = 23 – 2.9 lm) implants made by
EBM and ‘‘as-built’’ fine textured (Ra = 10 – 0.3 lm) and
coarse textured (Ra = 23.1 – 5.0 lm) implants made by DMLS.

Materials and Methods

Two in vivo studies were conducted with separate cohorts of
animals. The first phase was developed to compare implants
fabricated from two different additive manufacturing methods
(EBM and DMLS) in a bilateral transcortical femoral meta-
physis implant model. The transcortical model—similar to a
dental implant—was used in the first phase to facilitate a
second objective of developing and validating equipment for
subsequent study. The second phase compared the fine surface
texture of the DMLS implants with DMLS implants fabricated
with a surface texture similar to that of an EBM implant. An
intramedullary femur implantation model was utilized to better
represent percutaneous osseointegrated implant and arthroplasty
implant models as well as to develop a restraint system for ad-
ministering therapies in a subsequent study.

Phase 1 animals

Animal work was approved by the University of North
Carolina at the Chapel Hill Institutional Animal Care and Use
Committee. Female retired breeder Sprague-Dawley rats
(Charles River Laboratories, Wilmington, MA) with a mean
age of 24 weeks were used. Rats were caged in pairs and
given ad libitum access to food and water with a 12-h light/
dark cycle (7 am to 7 pm) throughout the study.

Based on previous intramedullary implantation studies
done with rats in the literature8 and our own experience with a
transverse implantation model in the rat tibia, we estimated
an SD of 20% of the mean torque-out strength for the electron
beam melted implants. To detect a 35% difference in strength
between the two manufacturing methods with a power of 0.80
and an alpha of 0.05, a power analysis calculated that an N of
6 rats was required.

Implants

All implants were fabricated by using grade 5 Titanium
(Ti-6Al-4V) and produced at a length of 7 mm and a diameter
of 2 mm. A 1.39 mm flat-to-flat hex was machined on the last
2.86 mm of the EBM implants for insertion and torque-out
testing, whereas the hex was additively fabricated on the
DMLS implants due to superior spatial resolution (Fig. 1).
EBM implants were produced on an Arcam A2 (Arcam,
Mölndal, Sweden) by using a powder diameter ranging from
45 to 105 lm. The DMLS implants were manufactured on an
EOS M290 (EOS GmbH, Krailling, Germany) by using a
powder diameter of 25–45 lm.

Implants were ultrasonically cleaned in a 1% Alconox
10 gm/L solution at 65�C for 15 min. The implants were
rinsed twice with 65�C deionized water for 10 min under
ultrasonic agitation. All implants were textured by acid etching
in a 48% sulfuric acid (H2SO4) bath at 60�C and were agitated
with a stir bar for 30 min.9 The implants were rinsed in deio-
nized water, dehydrated in a 70% ethanol solution, and allowed
to air dry before packaging for sterilization by autoclave. The
surface topography of both implants types was optically eval-
uated by using a Hirox KH-7700 microscope (Hirox-USA, Inc.,
River Edge, NJ), and the surface roughness (Ra) was obtained
through a linear regression of the resulting spatial map.

Surgical model

Under isoflurane anesthesia, implants were surgically placed
bilaterally in the medial cortex of the distal metaphysis of the
femur through a lateral skin incision. Each animal received an
EBM implant in a randomly selected femur and a DMLS im-
plant in the contralateral limb. An 18-gauge needle (1.16-mm-
diameter) was used to start the hole, whereas the final hole was
drilled to 1.9 mm under saline irrigation. The incisions were
closed by using wound clips (Autoclips; MikRon Precision,
Gardena, CA) and tissue adhesive (TA5; Med Vet Interna-
tional, Mettawa, IL). The clips were removed 12 days after the
surgery when radiographs were made. All animals were given a
0.8 mg/kg injection of sustained-release buprenorphine and
were given ad libitum access to acetaminophen-doped drinking
water (1.6 mg/mL) for 7 days after surgery.

The rats’ masses were recorded on arrival, immediately
before surgery, and after euthanasia. The rats were followed
for 4 weeks after surgical placement of implants. The animals
were humanely euthanatized 4 weeks after surgery. Femurs
were collected, wrapped in saline-soaked gauze, and stored at
-20�C until testing.

Radiographs

Radiographs were made by using a cabinet radiographic
unit (HP 43804 X-Ray System Faxitron; Hewlett Packard,
Palo Alto, CA) at 12 days after surgery by using dental
X-ray film (DX-42; Henry Schein, Melville, NY) at 35 kV
with a 12-s aperture exposure. Radiographs were used to

FIG. 1. EBM (A) versus DMLS (B) implant. DMLS, di-
rect metal laser sintering; EBM, electron beam melting.
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confirm the implant location and to verify the absence of
femoral fractures.

Ex vivo micro-computed tomography

All femur pairs were scanned by using a micro-computed
tomography (lCT) (40 model specimen CT; Scanco Medical,
Brüttisellen, Switzerland) with a 16 mm field of view on
medium resolution with a voxel size of 16 lm. The X-ray
power setting was 70 kVp, 114 lA, and 8 W. The scans had
an integration time of 300 ms and were averaged once. Spe-
cimens were soaked in a 1:100 dilution of protease inhibitor
cocktail (Sigma-Aldrich #P8340, St. Louis, MO) with saline
before lCT.

The resulting lCT scans were analyzed by using software
developed for processing medical images (Mimics 16.0;
Materialise, Plymouth, MI), as shown in Figure 2. The im-
plant was dilated by five pixels (80 lm) to exclude the metal-
induced artifact as determined by a prior study.10 The bone
was segmented out by using a low and high threshold of 529
and 1615 mgHA/cm3, respectively. The implants were seg-
mented by using a threshold ‡2249 mgHA/cm3. The total
area of the implant was obtained and divided by its length.
This area per unit length was used later for normalizing the
torque results.

The bone volume fraction (BV/TV) within 500 lm of the
implant was calculated.11 A cylinder was constructed in the
femur that had a diameter of 1000 lm, which was larger than
the mean diameter of the implant. The volume of bone within
this region was divided by the volume of the cylinder minus

the dilated implant volume within the cylinder. The resulting
percentage represented the medullary BV/TV.

The bone-implant contact (BIC) was calculated along the
length of the implant embedded in the femur. The percent
BIC was determined as the ratio of voxel threshold as bone to
the total number of voxel adjacent to the dilated implant.

Mechanical testing

After the lCT evaluation, the mechanical stability of os-
seointegration of the implants was evaluated through tor-
sional removal. A polymer resin (number 265; 3M Bondo,
Atlanta, GA) in conjunction with a tapered mold was used to
pot the specimens in the proper orientation to interface with a
material testing system (MTS) (8500 Plus; Instron, Norwood,
MA). A chain and sprocket on a custom fixture were used
to transfer the rotary motion of implant removal to the uni-
axial servohydraulic motion of the MTS. The angular rota-
tion and torque were measured by using a potentiometer
(Series P2201; Novotechnik US, Southborough, MA) and a
350 N$mm torque cell (Model 2105-50; Honeywell Senso-
tec, Columbus, OH), respectively. A Jacob’s chuck that at-
tached to the torque cell and then slid along a linear slide was
utilized to transmit torque to the hexagonal head of the im-
plant while minimizing translational loads to the femur in the
tapered mold. A prior study has shown the maximum torque
and stiffness to be independent of angular velocity in the
range of 3–12�/s angular velocity.12 Thus, specimens were
preloaded with 3 N$m and torqued at a constant rate of 6�/s
until failure of the bone-implant interface was reached.

FIG. 2. Typical ex vivo micro-computed tomography scan of phase one specimens viewed in Mimics.
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Maximum torque and stiffness were determined from the
resulting torque and rotational displacement data by using a
program developed in Labview (Labview 6.0; National In-
struments, Austin, TX). Stiffness was determined by the
slope of the regression line of the torque–deflection angle
curve between limits of 25% and 75% of the maximum tor-
que.13 The maximum torque was normalized to calculate the
equivalent shear stress at the bone-implant interface by di-
viding the resulting value by the product of the implant’s
surface area in the femur and the mean radius of the implant,
both of which are obtained from the lCT analysis.

Statistical analysis

A one-way repeated-measures analysis of variance (im-
plant type) with Holm-Sidak post hoc mean comparison
testing for all outcome measures was performed on the results
by using a statistical analysis program (SigmaPlot v11.0;
Systat Software, San Jose, CA).

Phase 2 animals

The animal model for the second phase was identical to
that of the first phase. However, rats were caged in groups of
three, based on allowable housing density for rat weight.
Based on a power analysis, 10 rats were used in the second
cohort of animals.

Implants

Implants were fabricated by using Grade 5 Titanium (Ti-
6Al-4V). The titanium rods were produced at lengths of
20 mm and diameters of 1.5 mm with a 1.6 mm boss on the last
1.5 mm and a dimple in each end to facilitate surgical im-
plantation and mechanical pushout. The implants were built by
using DMLS on an EOS M280 15� from vertical with a beam
offset of 0.09 mm and a powder size ranging from 25 to 45 lm.

Two different groups of implants were built: one with the fine
native surface texture and one with a surface texture designed
to simulate the Ra value of the coarse native EBM surface
texture. The surface topographies of the DMLS implants were
optically evaluated, and surface roughness (Ra) was calculated
as in the first phase (Fig. 3). The implants were cleaned, etched,
and sterilized as in the first phase.

Surgical model

The surgical model was changed from the trans-femoral
model of the first phase to an intramedullary model. Following
the same pre- and post-surgical methods as earlier, implants
were surgically placed bilaterally in the intramedullary canal of
the distal femur through a craniolateral skin incision. The right
limb randomly received either a fine or a coarse textured DMLS
implant whereas the contralateral limb received the alternative
implant texture. After subluxation of the patella, an 18-gauge
needle (1.16 mm-diameter) was used to start a hole in the in-
tracondylar notch whereas the final hole was reamed and ex-
tended to a 21 mm depth manually with a 1.5 mm twist bit. The
DMLS implant was inserted by manual thrust and torque into the
drilled hole until it was flush with the articular surface. The
patella was returned to its original position, and the knee joint
was closed with an absorbable suture. Skin incisions were closed
as in the first phase. The animals were followed for 4 weeks.

Animal care, radiographs, euthanasia, and specimen col-
lection and storage were performed as in the first phase. The
statistical analyses used to compare the results of the second
phase were identical to the first phase.

Ex vivo lCT

Osseointegration was evaluated by BV/TV and BIC along
a 2.5 mm length, 2 mm from the proximal end and along a
6 mm length 1.5 mm from the distal end of the implant by

FIG. 3. (A) surface topography of fine textured DMLS implant, (B) surface topography of coarse textured DMLS implant.
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using lCT (Fig. 4). All of the femur pairs of the second phase
were processed by using the same method as the first phase.
However, a 10 mm field of view on medium resolution with a
voxel size of 12 lm was utilized due to the implant running
along the longitudinal axis of the femur. The dilation of the
implant to five pixels results in a distance of 60 lm due to the
reduction in voxel size. This decreased region still agrees
with the prior study.10 The region of BV/TV surrounding the
implant was reduced to 250 lm to decrease deviation induced
by the implants’ random proximity to the cortical shell.

Mechanical testing

After the lCT evaluation, pushout testing on all specimens
was performed to assess osseointegration by evaluating the
stiffness and the allowable shear of the bone-implant inter-
face. Before mechanical testing, the proximal ends of the
femurs were removed by using a fine-toothed rotary bone saw
to allow pushout of the implants. Specimens were potted in a
custom-tapered mold by using a self-curing acrylic resin
(Ortho Jet BCA, Lang Dental, Wheeling, IL) and allowed to
cure for 30 min. The axis of the implant was aligned in the
direction of pushout with two opposing tapered pins, which
rested in the dimple at each end of the implant while the
resin set. A 3 mm diameter, 2 mm thick silicone disk was
used during potting to ensure consistent support of the
femoral condyles during mechanical testing while allowing
an opening for the implant to be pressed through. The
specimens were kept hydrated by submerging the potting
fixture into a beaker with 250 mL of 27�C saline while the
resin cured for 20 min followed by wrapping the specimen
in saline-soaked gauze for the remaining 10 min.

Mechanical testing was carried out with an MTS (8500
Plus; Instron Corp.). The uniaxial servohydraulic motion of
the MTS was transferred to the implant through a tapered
stainless steel pin secured in a Jacob’s chuck (Fig. 5). Linear
load was measured with a 500 N load cell. The potted spec-
imen was allowed to sit squarely on a platform with a hole in
the center for implant pushout. Specimens were preloaded
with 5 N and pushed out at a constant rate of 2 mm/min until
failure of the bone-implant interface was reached. Maximum
load and stiffness were determined from the resulting data by

using the system software. The maximum load was normal-
ized by dividing the maximum axial load by the implant’s
surface area obtained from the lCT analysis. This normali-
zation was done to calculate the equivalent shear stress at the
bone-implant interface.

Results

Animals in the first cohort had a mean – SD weight of
342 – 25 g at surgery. The mean weight loss between surgery
and euthanasia was 12 g. The second cohort had a mean group
weight of 341 – 25 g at surgery. Rats lost a mean body weight
of 3 g per animal between surgery and euthanasia.

Implant location and bone response for both phases of the
study were assessed by using radiographs. Femoral fractures
were not seen in either phase of the study. Therefore, all limb
pairs of the first phase and six matched pairs from randomly
selected animals of the second phase underwent lCT. Me-
chanical stability analysis was also conducted on all limb
pairs for both phases.

The finished implants for the first phase had mean – SD
major diameters of 1.86 – 0.00 mm and 1.91 – 0.03 mm for
the EBM and DMLS implants, respectively. The area per
length determined through lCT was 9.23 – 0.25 mm2/mm for
EBM implants and 8.13 – 0.12 mm2/mm for DMLS implants.
The intramedullary implants for the second phase all had the
same diameter of 1.50 – 0.00 mm and had an average area per
length of 5.57 – 0.09 mm2/mm and 5.75 – 0.04 mm2/mm for
fine and coarse implants, respectively. The surface topography
analysis revealed that EBM-produced implants had a mean –
SD ‘‘as-built’’ surface roughness of Ra = 23 – 2.9 lm. Con-
versely, DMLS generated implants had a mean ‘‘as-built’’
surface roughness of Ra = 10 – 0.3 lm. The DMLS process for
the second phase of the study produced a surface roughness of
Ra = 7.7 – 1.8 lm and Ra = 23.1 – 5.0 lm for fine and coarse
implants, respectively.

In phase 1, maximum removal torque (+85%, p = 0.003)
and energy to failure (+109%, p = 0.019) were higher in EBM
than fine textured DMLS implants (Fig. 6). In phase 2, the
maximum thrust load (+35%, p = 0.007) and energy to failureFIG. 4. Distal femur with intramedullary implant.

FIG. 5. Mechanical pushout fixture with potted specimen.
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(+41%, p = 0.019) were larger for coarse textured DMLS
implants than fine textured DMLS implants (Fig. 7). Bone-
implant stiffness, BV/TV, and BIC did not differ for various
implant types for both phases of the study (Table 1). Phase 2
results developed a statistically significant correlation be-
tween the max load and stiffness (r = 0.7228, p < 0.001).
However, the results of phase 1 did not establish a statistically
significant correlation (r = -0.1083, p = 0.78).

The removal loads of both the first and second phase were
normalized as equivalent shear-forces to better compare the
results between the torsional testing of the transcortical im-
plants and the pushout of the intramedullary implants. In phase
1, the equivalent shear-force was larger (+59%, p = 0.003) for
EBM implants than fine textured DMLS implants. The mean
equivalent shear-force of the coarse textured DMLS implants
of phase 2 showed a +27% increase relative to the fine textured
DMLS implants but did not differ statistically (Fig. 8).

In the first phase, difficulties were encountered with sur-
gical placement for two specimens and another specimen was
overloaded at dissection. Due to the complications, these
three specimens were excluded from implant comparisons.

Discussion

The coarse textured surface of the EBM design yielded
higher torsional properties compared with the fine textured
DMLS design, highlighting the increased interlocking area

between the bone and implant for a given implant diameter.
Due to the DMLS’ superior spatial resolution, it is possible to
manufacture an implant by DMLS with a similar surface
roughness as the EBM implants while allowing for a more
detailed geometry. Phase 2 of this study examined the os-
seointegration of such coarse DMLS implants. The fixation
strength of coarse DMLS implants was also proven to provide
superior interlocking relative to the fine textured DMLS im-
plants. Such a statistically significant difference in torsional
strength between coarse textured implants and fine textured
implants is supported by a similar work by Wennerberg et al.,
where a similar phenomenon was seen when comparing var-
ious sand-blasted titanium screw implants.14 Interestingly,
implant roughness in both phases of this study did not affect
the BV/TV or the BIC. This finding supports previous obser-
vations that BIC is unrelated to surface roughness.15

It was demonstrated in this study that maximum pushout
load correlated to the bone-implant stiffness. However, fix-
ation strength in phase 1 exhibited low variation within the
implant types and, thus, failed to draw a correlation between
removal torque and implant stiffness, converse to the results
of phase 2.

FIG. 6. Mechanical torque-out results of phase 1 specimens.
*denotes significant difference (P < 0.05).

FIG. 7. Mechanical pushout results of phase 2 specimens.
*denotes significant difference (P < 0.05).

Table 1. Mean – Standard Deviation Bone Volume

Fraction (Measured Within 500 lm of Implants

for Phase 1 and 250 lm Excluding Cortical Regions

of Implants for Phase 2 Scans) and Bone-Implant

Contact Relative to Available Area

of Embedded Implant

Implant type BV/TV BIC

Phase 1, %
Fine 70.3 – 3.8 73.5 – 9.0
Coarse 74.9 – 2.7 80.4 – 7.0

Phase 2—Distal, %
Fine 28.4 – 7.4 36.5 – 5.2
Coarse 30.6 – 7.2 37.6 – 4.7

Phase 2—Proximal, %
Fine 5.6 – 3.5 14.4 – 7.9
Coarse 6.1 – 5.4 15.9 – 8.3

Groups did not differ statistically.
BIC, bone-implant contact; BV/TV, bone volume fraction.

FIG. 8. Maximum equivalent shear-force of implants as a
function of implant area. *denotes significant difference
(P = 0.003).
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Placing the implants in the intramedullary canal resulted in
more variability in cortical contact proximally and, subse-
quently, larger variations in equivalent shear-force. It was
also noted that the equivalent shear-force for phase 2 was
considerably lower than that for phase 1. This is most likely
due to decreased implant contact with the cortical shell for
the available surface area. Cortical bone may provide supe-
rior mechanical stability in osseointegrated implants com-
pared with trabecular bone. Matching the implant to the
residual bone would greatly increase the contact with the
cortical shell and, therefore, should also enhance mechani-
cal stability of osseointegration, highlighting the potential
benefits of patient-specific implants.

This study was not without limitations. Histological analysis
results in a planar image of the BIC interface, however, ex-
cluding information around the remainder of the implant pe-
rimeter. lCT evaluation allows for a non-destructive analysis
of the BIC interface around the entire implant perimeter. This
study’s lCT evaluations were performed with an offset im-
plant surface to exclude the metal-induced artifact determined
in a prior study.10 The exclusion of information immediately
adjacent to the implant may reduce the sensitivity to detect
meaningful differences in BIC.

Conclusion

As the trend in amputee prosthetic devices moves toward
transcutaneous osseointegrated implants instead of socket-
cup fitting prosthetic devices, this study is important in
showing that additive manufacturing can provide a means of
producing well-fitted osseointegrated implants that can be
easily customized. AM implants provide a means to produce
customized geometries to match patient-specific anatomy as
well as customized surface textures for optimizing implant
stability. This research indicates that coarse textured sur-
faces can provide a higher interface strength for titanium
alloy implants than fine textured surfaces. Future studies
should be conducted to determine the optimal roughness for
implant fixation. Another question left unanswered is
whether there is an optimum surface roughness interaction
between cortical bone and an implant compared with tra-
becular bone and an implant.
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