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Introduction

Methods

Non-union of the bone, or the inability of the body to heal
a bone defect for several months at a time, has been an
ongoing issue for many fracture types. Of the 6 million
fractures that occur annually in the United States, about
1.9% - 15% cause non-union.4 Non-union may occur due to
a number of reasons like the bone’s size, its anatomical
location, or the patient’s underlying health issues.

Computed Tomography Scans (CT Scans) of 5 sheep were acquired from the Comparative Orthopedic Research
Laboratory. The mean age was about 10 years old for the 4 female sheep and 1 male sheep used in this study. The DICOM
sets of each sheep were imported into 3D Slicer to be analyzed for segmentation of the tibiae bones.

In this study, we utilized 3D-modeling software and 3Dprinting techniques to develop a workflow for producing
patient-specific porous implants for sheep tibiae.

Thresholding was first used to differentiate the soft and hard tissue, air, and water
seen in the DICOMS based on the Hounsfield Unit in 3D Slicer.2 Then, the “Grow
From Seeds” command was utilized to separate the tibiae from the surrounding
bones and tissue, which allowed us to produce a 3D model of just the tibiae alone.
Smoothening techniques were implemented to these 3D models to further refine
them. Thereafter, stereolithography (STL) files of each 3D tibia model were saved
and exported into Autodesk Fusion 360.

We also discovered that through the manipulation of a
standard TPMS diamond equation, we can control the pore
size and dimensions of the porous structure, which enable
us to get closer to the actual properties of the bone. This
TPMS structure can then be modified to fit the exact shape
of the resected defect from a given patient’s bone.

The tibia is known to be a long bone that presents such
risks of non-union because of its anatomical size and
location. Tibiae are located far from the heart making it
hard for blood and nutrients to flow to the defect site and
heal the bone effectively. Even with nonoperative and
operative treatment methods, the non-union rate is about
1.1% and 5%, respectively, but may also increase if it is an
open fracture or if the patient has underlying health
conditions. For example, Type 2 Diabetes Mellitus (T2DM)
is a common health issue which can cause complications
like the deterioration of bone quality and bone strength,
higher fracture risk, and bone healing impairment which
can make it even more challenging for non-unions to heal.
Titanium-based alloys have been used to develop metal
implants to treat patients who need significant bone
support and stability. Their strength and light weight have
been particularly advantageous, but they are still
vulnerable to loosening overtime if the bonds with the
surrounding tissue and bone are not strong enough.1
As a result, porous implants have been an area of interest
in such critical-sized bone defects, but their detailed
structure can often make it challenging to manufacture.
In this study, we will be focusing on using additive
manufacturing techniques to produce porous implants for
a critical-sized defect in sheep tibiae rather than traditional
manufacturing methods which produce more generic
implants to be used in all types of patients. The goal is to
ensure that the implant is patient-matched to the sheep
tibiae and is porous in nature by using a variety of
modeling software and 3D printing technologies.

Fig. 1. The above figure shows an overview of the software
and technology that will be involved in developing a patientspecific tibia implant for sheep: 3D Slicer, Autodesk Fusion
360, MathMod, Blender, Cura, and Creality Ender 3 Pro
Printer (from left to right, respectively).

Conclusion

Fig. 2. Sheep DICOM set that is manipulated
using the “Grow From Seeds” command in 3D
Slicer to produce a 3D tibiae model, as seen on
the right-hand side of this figure.

Meshes of each tibiae were generated and radii of both the left and right tibiae
were measured to calculate the size of a critical-sized defect, which is about 2-2.5
times as large as the bone’s diameter.3 Based on the calculated size of the defect, the defect
was resected from the diaphyseal region of each tibia, as seen in Figure 3.

Future Work

Next, a diamond triply periodic minimal surface (TPMS) was modeled in MathMod, using the following
equation with a domain range of -4pi to 4pi in the xyz-planes to achieve a pore size of about 1.13 mm:
sin(x/0.78)*sin(y/0.78)*sin(z/0.78)+sin(x/0.78)*cos(y/0.78)*cos(z/0.78)+
cos(x/0.78)*sin(y/0.78)*cos(z/0.78)+cos(x/0.78)*cos(y/0.78)*sin(z/0.78)
Fig. 3. This mesh
shows the part of the
bone to be resected.

This TPMS structure was then exported as an .obj file into Blender, where it was solidified,
smoothened, scaled, and cut with the STL of the resected defect from Fusion 360. This produced a
patient-matched, porous TPMS structure with a strut size of 0.4 mm. This STL file was lastly imported into Cura for slicing
and 3D-printing by the Creality Ender 3 Pro Printer, with a 0.4 mm nozzle size and 1.75 mm Polylactic Acid (PLA) filament.

Data/Results
The sheep’s defected tibiae and their corresponding porous implants were additively manufactured with PLA. The
defected tibiae were joined with their respective implants to check their fit and were further verified through multiple
measurements to determine if each component printed as expected. The results, as seen and described in Figure 5,
closely corresponded with our expected values.
A.

Fig. 4. The figure to the left
shows the 3D-printed
components of the defected
bone and implant structure.
The porous implant resides
between the top and bottom
portions of the defected left
tibia of a sheep.

B.

C.

Finally, this structure can be printed using additive
manufacturing as opposed to traditional manufacturing
methods to efficiently produce small, complex implant
structures that are patient-matched and porous in nature.

Fig. 5. Image 5A shows the
combined length of the defected
tibia and implant measuring to
about 26 cm. Image 5B shows the
the length of just the porous
implant structure, about 4.13 cm.
Image 5C measures the diameter
of the top portion of the defected
tibia, which is about 2.14 mm.

In the future, we hope to further optimize the design of
this implant structure in a way that mimics the properties
of a sheep tibiae bone more closely. A gradient TPMS
structure that has a denser core but higher porosity as you
move outwards is something of interest, particularly.
Eventually, we hope to conduct animal studies and human
clinical trials to implement our design in diabetic patients.
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