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Abstract

Long-term biocompatibility,
bioabsorption, and bone-fixation
capability of magnesium alloy screw
Ho-Kyung Lim, DDS, MSD
Program in Oral and Maxillofacial Surgery, Department of Dental Science,
Graduate School, Seoul National University
(Directed by Professor Jong-Ho Lee, DDS, MSD, PhD)

Background and Purpose of study
Magnesium
absorbable

(Mg)

metallic

is

a

potential

bone-fixation

material

devices

for

because

designing
of

its

biocompatibility and degradability. However, Mg has low mechanical
strength and produces hydrogen gas which prevents its clinical
acceptance. Various physical, heat, and/or chemical hardening
methods have been used to improve mechanical strength including
the alloying technique. Surface-coated Mg has been used for
controlling hydrogen gas formation. This study developed an

absorbable metallic screw with improved mechanical quality using
Mg

alloy,

investigated

the

long-term

biocompatibility

and

bioabsorption capability of this alloy in vitro and in vivo, and
evaluated the possibility of using this Mg alloy screw for mandibular
fixation after osteotomy.

Materials and Methods
The mechanical properties of the magnesium alloy (WE43)
were improved by heating, extrusion, and multi-axial rolling
treatment. Screws and cylinders were designed and fabricated using
treated Mg alloy. The maximum torque of the screw and rate of
hydrogen gas formation in vitro in a corrosion model were
measured.
Screws and cylinders made of treated Mg alloy were placed in
the tibiae and femurs of NZ white rabbits (n=12). To investigate
the effect of coating on corrosion, a thin coat of hydroxyapatite (HA)
(2-µm thick) was applied on half of the samples. Simple
radiographs and microcomputed tomography images were taken for
evaluating absorption. Histological sections were prepared and
evaluated for biocompatibility at postoperative 3, 12, and 24 months

For the mandibular osteotomy model, sagittal split ramus
osteotomy (SSRO) was performed on the synthetic mandible
(n=60). Biomechanical tests were performed according to the
amount of distal segment movement and screw location. Results
were compared with those for screws made of titanium (diameter,
1.6 mm), polymer (diameter, 2.5 mm), and pure Mg (diameter, 2.0
mm). Finite element analysis was performed by applying an occlusal
force of either 132 or 500 N at the mandibular first molar. The
failure risk of the screws was calculated using material yield
strength. The yield load and distance of the load cell at the time of
fracture of the screw or separation of the segments were measured.
Ten dogs received bilateral SSRO via an extraoral approach,
and the osteotomies were fixed with treated magnesium alloy
screws in half of the animals and titanium screws in the remaining
half. After weekly clinical observation and computed tomography
imaging 1, 3, and 6 months postoperatively, animals were sacrificed
and evaluated using microcomputed tomography and histological
sections.

Results

After extrusion and multi-axial rolling processing, the ultimate
tensile strength and yield strength of the Mg alloy were 303 and
195 MPa, respectively. The maximum torque of the processed
screw was 51.1 N, which was almost equal to that of titanium. The
volume of gas produced by the Mg alloy with and without HA
coating was 9.5 and 15.2 ml, respectively, on the 6th day after
immersion in a simulated body fluid.
Overt infection and clinical problems related to gas formation
were not observed with the coated and uncoated Mg alloys after 24
months. Radiographically, the screw and cylinder shapes were
mostly maintained. However, absorption at the head of the screw
had progressed. Histologically, treated Mg alloy screws showed
excellent biocompatibility with bone formation around screws
without any inflammatory reaction.
There were no screw fractures or deformations in any
synthetic mandibles. The yield load and yield displacement tended
to be higher in the Mg alloy screws than the titanium screws. In an
FEM study, the maximum equivalent stress of the treated Mg alloy
showed values in middle range compared to other materials, and
similar pattern was observed regardless of the amount of the distal

segment movement. Mg alloy screws were stable under an occlusal
force of 132 N when the yield strength of the material was
considered.
Screw fracture, occlusal displacement, infection, and fistula
formation were not observed in the dogs. Mg alloy screw
displacement was observed in one animal, but bone fixations were
well

maintained

in

all

other

animals.

Radiographically

and

histologically, bone healing with no inflammatory reaction was
observed.

Conclusion
The ultimate tensile strength of Mg alloy screws was increased
to 303 MPa through physical processing. Partial absorption of these
screws occurred during the 2-year observation period. The treated
Mg alloy screws were biocompatible and possessed stable bone
fixation capability in vitro and in vivo. Screws made of treated
magnesium alloy can be a substitute for titanium and polymer
screws for bone fixation after mandibular osteotomy.

Keywords: magnesium alloy, bone-fixation, absorbable screw,

biocompatibility, bioabsorption
Student number: 2015-31260
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I. Introduction
Development of bone-screw using magnesium (Mg) material
was attempted in order to overcome the limitations of bone screws
made using titanium (Ti) and polymer materials. Mg, one of the
major minerals in the human body, is non-toxic when present in
small amounts. Moreover, it has a higher strength and operability
than polymers [1]. Mg has an elastic modulus similar to that of bone.
It can therefore prevent the stress-shielding phenomenon which is
a chronic problem with other metals [2]. However, Mg undergoes
corrosion in bodily fluids containing chlorine ions. As a result, there
are disadvantages associated with its use in the body, such as early
deterioration in strength of devices made of Mg, hydrogen gas
generation, and inflammation due to increase in pH [3]. In a
previous study, corrosion and decreasing strength were observed in
specimens made of pure Mg that were placed on the rat calvaria [4].
Mg alloys have been assessed in order to overcome the
limitations of pure Mg. Among these, the Mg alloy WE43 was shown
to be suitable after a short-term observational test [5]. The
purpose of this study was to develop an absorbable metallic screw
1

with improved mechanical quality using Mg alloy, investigate the
long-term biocompatibility and bioabsorbtion capability of this alloy
in vitro and in vivo, and evaluate the possibility of using this Mg
alloy screw for fixation during mandibular osteotomy.

2

II. Materials and Methods
Physical processing of magnesium alloy screws
The Mg alloy WE43 (Mg, 3.78 wt.% Y, 2.13 wt.% Nd, 0.46 wt.%
Zr) was selected and rods made of this Mg alloy (Daeryun Corp.,
Shanxi, China) were purchased. Heat treatment to enhance the
strength of the Mg alloy was performed at 300 ℃. Extrusion and
multi-axial

rolling

process

were

performed

to

enhance

its

mechanical strength.
The tensile strength of the untreated and treated Mg alloys was
measured using Instron 8841 (Instron, Norwood, MA, USA) with a
constant bending punch speed of 1.0 mm/min and a support distance
of 12.0 mm. ASTM F382 (specification and test method for metallic
bone plates) was employed during the experiment. The test was
terminated at the time of material fracture.
Cylindrical test samples (5 mm in length and 1 mm in diameter)
were made (Figure 1A) and screws were designed to have selfthreading cutting edges to reduce insertion torque, a pitch of 0.725
mm, and a thread depth of 0.30 mm to increase cutting capacity. Mg
alloy screws 6.0 mm in length, 1.6 mm in diameter, and 3.4 mm in
head diameter were prepared with a milling machine (Genoss Corp.,
3

Suwon, Korea) (Figure 1B). Screws and cylinders with these
specifications were used in the rabbit leg. Half of the test samples
were coated with hydroxyapatite (HA). For a homogeneous HA
coating, pure Mg was first overlaid on the surface of Mg alloys.
Because elemental crystals located in the alloy surface hindered HA
coating adhesion and prevented the screws from being consistently
coated, a 2-mm thick coating of pure Mg was applied onto the Mg
alloy using an electron beam deposition method before coating the
screws with HA [6]. For the HA coating, a solution was made by
mixing

ethylenediaminetetraacetic

acid

calcium

disodium

salt

hydrate with potassium dihydrogen phosphate (KH2PO4). The pH of
this solution was adjusted to 8.9 using sodium hydroxide. A 2-mm
thick HA coating on the Mg alloy was obtained by increasing the
temperature of this solution from room temperature to 363 K [7]
over a 2-hour period.
Mg alloy screws with a pitch of 0.725 mm, thread depth of 0.30
mm, length of 7.0 mm, diameter of 2.0 mm, and head diameter of
3.8 mm were prepared with a milling machine for the canine model
(Figure 1C). Ti screws were obtained from a DENTIUM CMF
System kit® (Genoss Corp., Suwon, Korea). They were fabricated
4

with a pitch of 0.725 mm, thread depth of 0.30 mm, length of 7.0
mm, diameter of 1.6 mm, and head diameter of 2.5 mm (Figure 1D).
Screws of these specifications were used in the beagle dogs. Before
implantation, Mg alloy devices were cleaned using sonication in pure
acetone and ethanol for 10 minutes each and were sterilized with
gamma radiation (2 x 106 cGy, 23.5 Gy per minute).
Torsion tests for maximum torque were performed. Screws
made of pure Mg with a pitch of 0.70 mm, thread depth of 0.25 mm,
and diameter of 2.3 mm, and Mg alloy screws processed by
extrusion with a pitch of 0.725 mm, thread depth of 0.30 mm, and
2.3 mm diameter were fabricated. Screws, 1.5 mm in diameter,
made of Ti, and screws, 2.3 mm in diameter, made of pure Mg, Mg
alloy, and extruded Mg alloy were rotated with a driver after the
screws were fixed on a torque gauge to measure maximum torque
before fracture (Figure 2A).

Hydrogen gas volume measurement during magnesium alloy
corrosion
The volume of hydrogen gas generated by the corrosion of
magnesium alloy was measured. A hexagonal specimen, 1 cm in size,

5

was made using pure magnesium and magnesium alloy for the
experiment. Half of the specimens were coated with hydroxyapatite.
The experimental group was divided into four subgroups. The
specimens were immersed for 6 days in 80 ml of simulated body
fluid (142 mM Na+, 5 mM K+, 2.5 mM Ca2+, 1.5 mM Mg2+, 147.8
mM Cl-, 4.2 mM HCO-, 1 mM HPO42-, and 0.5 mM SO42-) adjusted
to a pH of 7.4 at 37 ℃, and the amount of gas per unit weight was
measured.

Long-term biocompatibility and bioabsorption capability of
treated magnesium alloy in the leg of rabbits
Twelve 7-weeks-old male New Zealand white rabbits (2.83.2 kg in weight) were prepared. An HA-coated Mg alloy screw
and cylinder were installed in the tibia and femur, respectively, of
the lower right limb while a non-coated Mg alloy screw and
cylinder were installed in the tibia and femur, respectively, of the
lower left limb.
Before surgery, the body weights of the rabbits were measured
and prophylactic antibiotics were administered (gentamycin sulfate
5 mg/kg, IM, Sinil, Seoul, Korea). After the induction of general
anesthesia with xylazine HCl (Rompun®; 10 mg/kg, Bayer Korea,
6

Seoul, Korea) and ketamine HCl (Ketalar®; 50 mg/kg, Yuhan, Seoul,
Korea) administered intramuscularly, surgical sites were shaved
and prepared with betadine. After further injection of 1:100,000
epinephrine subcutaneously for hemostasis, the proximal tibia was
exposed. A vertical line parallel to the long axis of the tibia was
drawn on the mesial side 1 mm from the median line with a marking
pencil. Next, a horizontal line on the tibial crest perpendicular to the
long axis of the tibia was drawn to determine the screw location.
The screw was positioned at the point of intersection. Drilling, with
a 1.5 mm-diameter drill bit, was performed with copious saline
irrigation, followed by the manual insertion of the screw (Figure
3A). After the screw was inserted, the distal femur was exposed.
The insertion point was set at the junction of cartilage and bone on
the medial condyle of the femur. Drilling, with a 1 mm-diameter
drill bit, was performed with copious saline irrigation, and the
cylindrical specimen was inserted manually (Figure 3B). Layer-tolayer continuous suturing was applied with 4-0 Vicryl® (Johnson &
Johnson, Brunswick, NJ, USA). Diclofenac (5 mg/kg, IM, Sinil, Seoul,
Korea) was injected as a post-operative analgesic on the operation
day only, and gentamicin sulfate (5 mg/kg, IM) was injected
7

postoperatively for three days. Animals were monitored weekly for
the formation of hydrogen gas, swelling, wound dehiscence,
inflammation, infection, and general health until time of sacrifice.
Digital X-rays images (Dexcowin ADX 4000; Dexcowin, Seoul,
Korea) were taken immediately after surgery, every 4 weeks until
20 weeks, and every 8 weeks thereafter to evaluate absorption
(tube voltage: 60 kV, tube current: 2 mA, exposure time: 0.12 s).
Micro-computed tomography (µCT) was performed (SkyScan1173;
SkyScan, Kontich, Belgium) after sacrifice, and the resorption of
the cylinder and the change in the surrounding bone were
investigated. The volume was constructed with the sectioned
images using the Feldkamp algorithm. The formula for computing
the absorption rate (DRi) is shown below:
DRi =

, Vi=V-Vci

Sectioned, three-dimensional images of the cylinders were
constructed using the CTvox program (Skyscan, Kontich, Belgium)
before the experiment with µCT. The volume at the time of
sacrifice (Vi) is the volume of the cylinder before the experiment
(V) minus the measured volume of the constructed threedimensional absorbed area (Vci). For this, the volume was
8

calculated through the sum of the cross-sections of the remaining
amount of the screw and the amount of cortical and marrow bone by
constructing a 1-mm area around the screw after making coronal
cuts every 7.1 mm (2240 cuts) on the µCT images.
Four animals were sacrificed using intravenous potassium
chloride (KCl, Huons, Sungnam, Korea) at 3, 12, and 24 months
postoperatively. Tissues were removed above the periosteum and
specimen blocks each containing a screw and cylinder with a 1-cm
safe bone margin were prepared.
After the µCT scans, specimens were fixed in a 10% neutral
buffered formalin solution, decalcified, and stained with hematoxylin
and eosin (H&E) and Masson’s trichrome (MT). Voids induced by
screw resorption, bone changes, and

inflammatory

reactions

including foreign bodies were observed.

Biomechanical study of treated magnesium alloy screw in the
mandibular osteotomy model
Biomechanical evaluation of magnesium alloy screw using finite
element analysis
A

three-dimensional

virtual

hemimandible

model

was

constructed using Mimics 12.1 (Materialise Ltd., Ann Arbor, MI,
9

USA)

with

computed

tomographic

digital

imaging

and

communications in medicine (DICOM) data (0.5 mm slice thickness).
CT data was extracted from young male adult who had no intraoral
prosthesis. Raw model was corrected by smoothening and refining.
In this model, 2 mm of the outer layer of the bone was defined as
cortical bone, and the inner layer was defined as cancellous bone
[8]. The mandibular condyle was restricted to 6 degrees of
freedom and no condylar movement was allowed.
A sagittal split ramus osteotomy (SSRO) was performed. The
osteotomy line was set in accordance with Hunsuck’s modified
method [9, 10]. The horizontal osteotomy line was parallel to the
mandibular occlusal plane 0.5 cm above the lingula, while the
vertical osteotomy line was parallel to the axis of the lower second
molar, located in the interdental area between the lower first and
second molars. The medial posterior vertical line was set up
similarly to the short lingual technique and was separated 0.5 cm
posterior from the lingula perpendicularly on the horizontal line
(Figure 4A). To minimize the sharing effect of stress from contact
with bone, a gap of 0.5 mm was set between the proximal and distal
segments of the mandible [11, 12].
10

The position of the screw was based on the study of Lee et al.
[13]. For an accurate localization of fixation points, the x-axis was
defined as an extension of the mandibular occlusal plane, and the
reference point was defined as the intersection of the x-axis and
anterior border of the ascending mandibular ramus. The y-axis was
defined as the line perpendicular to the occlusal plane and passing
through the reference point. The fixation points and their locations
were defined as follows (Figure 4B):
l Point 1: 10 mm below the reference point: (0,-10)
l Point 2: 5 mm backward and 8 mm upward from point 1: (-5,
-2)
l Point 3: 5 mm forward and 8 mm downward from point 1: (5,
-18)
l Point 4: 15 mm downward from point 1: (0, -25)
l Point 5: 15 mm backward from point 1: (-15,-10)
Groups were created according to the amount of movement of
the distal segment, the material, and the position of the screw. First,
in relation to the amount of movement of the distal segment, three
groups were created namely the no change, 5 mm advancement, and
5 mm setback groups. The medial posterior part of the proximal
11

segment, which could interfere with setback, was removed to
minimize interference (Figure 5A).
Groups were also created according to the materials used. Four
different screw types were used to fix the segments namely Ti
screws, Inion CPS screws (IN; Inion Ltd., Tampere, Finland; 17%
D-lactide, 78.5% L-lactide, and 4.5% trimethylene carbonate),
pure Mg screws, and Mg alloy screws. The diameter of Ti screws
was set to 1.6 mm, that for Mg and Mg alloy screws was 2.0 mm,
and that for IN was 2.5 mm. There were differences in screw
lengths. To prevent protrusion of screw threads, we measured the
mandibular width on each insertion point. The screw lengths for the
no change group were 17, 12, 17, 9, and 7 mm, those for the 5 mm
advancement group were 16, 12, 16, 7.5, and 6 mm, and those for
the 5 mm setback group were 19, 16.5, 18, 9, and 9 mm of points 1,
2, 3, 4, and 5.
Other groups were created according to the position of screws.
Two or three screws were placed on the upper load-sharing area
of the external oblique ridge, and one or two screws were placed on
the lower load-bearing area of the mandible border. Six groups
were created as follows (Figure 5B):
12

l Three screws - A: upper 2 screws, lower anterior 1 screw
(points 2, 3, 4), B: upper 2 screws, lower posterior 1 screw (points
2, 3, 5)
l Four screws - C: upper 3 screws, lower anterior 1 screw
(points 1, 2, 3, 4), D: upper 3 screws, lower posterior 1 screw
(points 1, 2, 3, 5), E: upper 2 screws, lower anterior 1 screw, lower
posterior 1 screw (points 2, 3, 4, 5)
l Five screws - F: upper 3 screws, lower 2 screws (points 1,
2, 3, 4, 5)
Two factors were analyzed. First, the patterns of stress
distribution around the screws were calculated as the peak von
Mises stress (PVMS, maximum equivalent stress) using the Abaqus
2016 program (ABAQUS Inc., Pawtucket, RI, USA). In addition, we
analyzed the possibility of fracture (failure risk) at the average
occlusal force and the maximum occlusal force considering the yield
strength of each material compared to PVMS. The formula for
calculating the possibility of fracture is as follows:
=

×

The Young’s modulus, shear modulus, and Poisson’s ratio
were the inputs for the program. The values for each of these
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properties for each material is shown in Table 1 [14, 15]. In the
case of Inion, because the material was too brittle to measure the
yield strength, the ultimate strength was used instead.
Considering the combined state of cortical and marrow bone and
assuming complete union between screw and bone, the tie contact
condition between cortical and marrow bone and between screw and
bone was provided. Assuming the sliding state between the
segments surface, the sliding contact condition between the
proximal segment and the distal segment was provided. Mesh shape
was given as hexagonal. The mesh size was set to 0.2 for screws
and 0.4 to 2 for bone to make each mesh as uniform as possible. In
the proximal segment, the mean number of meshes for the cortical
and marrow bones were 81016 (75549 to 84315) and 32042
(29471 to 33737), respectively. The mean number of meshes for
the cortical and marrow bones were 136687 (134451 to 138135)
and 84516 (79742 to 89190), respectively. The mean number of
meshes for screws was 23052 (9700 to 44710).
With the condyle firmly fixed, a virtual occlusal force of 132 N
(average occlusal force) and 500 N (maximum occlusal force) was
applied to the central fossa of the ipsilateral mandibular first molar
14

[16, 17]. The stress applied to the screw was analyzed for each
group using the Abaqus 2016 program.
Biomechanical evaluation of magnesium alloy screw in the
sagittal split ramus osteotomy synthetic mandible
Thirty SSRO polyurethane mandibles with a medullar and
cortical structure (model 8951; Synbone, Malans, Switzerland)
were used because their mechanical properties were similar to that
of the human mandibular bone, and they had a prefabricated
osteotomy line. To make a hemimandible form, sagittal cuts were
made on the symphysial area using a Stryker TPS reciprocating
saw (Stryker Instruments, Kalamazoo, MI, USA).
The position of the screw was the same as that in the finite
element analysis (FEA) study. We divided the mandibles into six
groups with the combination of points 1, 2, 3, 4, and 5. The groups
were further divided according to the screw material. For 30
hemimandibles in the experimental group, Mg alloy screws were
used and for the remaining 30 in the control group, Ti was used.
The diameter of the screw was 2.3 mm for Mg alloy and 2.0 mm for
Ti. The length of the screw was adjusted to the width of the
mandible at each point as was done in the FEA study. Screws were
15, 13, 15, 10, and 13 mm of points 1, 2, 3, 4, and 5 in length. To
15

make uniform holes in each specimen, a guide, made of putty-type
silicon impression materials (Aquasil; Dentsply Sirona, York, PA,
USA), was used to mark the positions of the holes. Drilling was
performed between segments using a 2.2 mm drill bit for Mg alloys
and 1.8 mm drill bit for Ti, and the screws were inserted. To
prevent unwanted stress from interfering when displacement of
segments occurs, bone was removed 2 mm above the medial cut of
the distal segment and 2 mm behind the vertical cut of the proximal
segment (Figure 6A, B).
A customized stainless-steel jig (Catech, Hwasung, Korea)
was designed and manufactured. Two holes with a diameter of 5
mm were made in the ramus portion of the proximal segment to fix
the prepared hemimandible sample to the jig. The jig in addition to
the sample were mounted on a universal testing machine (model
AG-10KNX; Shimadzu Corp., Kyoto, Japan) with customized test
platforms (Figure 6C). The occlusal plane of the mandible was
parallel to the floor of the customized jig. A compressive load was
applied to the lower first molar region to simulate mastication force
[18]. The rod used for loading was shaped like a blade to decrease
error at the loading location.
16

The loading machine was set to produce linear noncyclical
displacement with the 10-kN load cell at a rate of 30 mm/min [19].
Data were acquired at a rate of 100 Hz and stored by the software.
Loading continued until either mechanical failure occurred or the
displacement limit of the testing unit (50.0 mm) was reached. The
behavior of the constructs was evaluated within a 0 N to 900 N
range [18]. The occlusal force at the time when the screw broke or
when the segment was separated was measured (yield load [N]).
The distance the load cell had moved at the time when the
segments were separated was measured (yield displacement [mm]).
Means and standard deviations were derived and all values were
compared for statistical significance using a Kruskal-Wallis test for
screw configurations and a Mann-Whitney U test for materials. A P
<0.05 was considered significant.
Preclinical evaluation of magnesium alloy screw in the canine
sagittal split ramus osteotomy model
Ten

20-months-old

beagle

dogs

(weighing

10-15

kg)

(Oriental Bio Corp., Sungnam, Korea) were allowed a 4-week
adaptation period and then separated into two groups. Mg alloy
screws were used in the experimental group (n=5), and Ti screws
were used in the control group (n=5). The hair on their front paws
17

was shaved, and the paw was sterilized with a povidone-iodine
sponge, followed by the insertion of an intravenous catheter in the
vein using a 24-gauge needle. General anesthesia was induced with
intravenous xylazine (Rompun®; 23.32 mg/ml, 0.1-0.14 ml/kg,
Bayer Korea., Seoul, Korea) and tiletamine+zolazepam (Zoletil®; 50
mg/ml, 0.01 mg/kg, Virbac Corp., Carros, France). Orotracheal
intubation was performed using size 6 tubes without ballooning to
secure the airway. The tube was fixed to the anterior part of the
mandible using paper tape, and the fixed part was marked so that
the position of the tube remained constant. The oral cavity and
submandibular skin were disinfected with chlorhexidine gauze and a
toothbrush, and were sterilized with povidone-iodine sponge.
Incision line was designed for submandibular approach 1 cm below
the mandibular border. Infiltration anesthesia was performed along
both submandibular incision lines with 2% lidocaine.
A submandibular incision was made from an angle to the
mandible body using a #10 blade. Supraplatysmal tissue was
dissected bluntly using dissecting scissors. The platysma muscle
was cut to expose the marginal branch of the facial nerve. After the
facial nerve was elevated, the facial artery and vein were retracted
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posteriorly.

The

pterygomasseteric

sling

was

incised

and

subperiosteal elevation was performed. Bleeding was controlled
with electric coagulation and a hemostatic agent (Avitene®; Davol
Inc., Warwick, RI, USA). A bilateral sagittal split ramus osteotomy
line was made. The osteotomy line was located in the front side of
the masseteric tuberosity to prevent post-operative complications
associated with mouth-opening. Four screw holes were made using
a 1.5-mm drill bit (Dentium Corp., Suwon, Korea) at a speed of
1500 rpm before splitting the osteotomy with copious saline
irrigation. According to the FEM result, three screw holes were
made on the upper load-sharing area, and one screw hole was
made on the lower load-bearing area. After that, osteotomy was
completed using a reciprocating saw and a fissure bur. First, a
vertical cut was made on the exterior of the mandible. Next, an
inferior cut was made on the mandibular border while a superior cut
was made on the buccal alveolar bone parallel to the occlusal plane.
Finally, a medial cut was made on the lingual side of the mandible
while protecting the lingual periosteum. After connecting the cutting
lines, bony segments were separated using a chisel and mallet
(Figure 7A) and confirmed complete ramus fracture. Bleeding
19

around the osteotomy site was managed with a hemostatic agent
(Ostene®; Baxter, Deerfield, IL, USA). The separated segments
were repositioned and four screws were fixed to the preformed
holes (Figure 7B). Then, the mobility and stability of the mandible
were checked. The wound was closed with 4-0 nylon sutures
(Dafilon®;

Braun,

Aschaffenburg,

Germany).

The

orotracheal

intubation tube was left in place until complete recovery from
general anesthesia. Pulverized feed was given in the same amounts
as before surgery for 4 weeks after the operation. Analgesics (0.2
mg/kg, Meloxicam, Hanall, Seoul, Korea) and antibiotics (30-60
mg/kg, Cephalexin, Ildong, Seoul, Korea) were administered up to
seven days after surgery. After 4 weeks, standard diet was
provided.
Wound dehiscence, screw exposure, gas formation, infection,
occlusion, food intake, and fistula formation were closely monitored
weekly for 24 weeks. Occlusion was evaluated using photographs
taken before and after the experiment. The mobility and stability of
the osteotomy segment were evaluated manually by holding the
mandible angle with the left hand and pressing the anterior mandible
with the right hand. Mobility of the osteotomy segment was
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assessed using a score ranging from 0 to 2. A score of 0 was
assigned for no apparent mobility, 1 was assigned for little mobility,
and 2 was assigned for great mobility.
Computed tomography (CT) (Philips Brilliance CT 16 slices;
Philips Electronics N.V, Amsterdam, Netherlands) images were
obtained 4, 12, and 24 weeks after the operation under general
anesthesia. Gas formation, the absorption of screws, and the change
in the surrounding bone were evaluated by CT imaging
After

sacrifice,

micro-computed

tomography

(µCT)

(SkyScan1173; SkyScan, Kontich, Belgium) was performed on each
ramus sample. The resorption of the screw and the change in the
surrounding bone were observed by µCT. The volume of the
remaining screws was calculated by combining 7.1 µm thick crosssectional slices of the remaining amount of the screw and the
amount of cortical and marrow bone including a 1-mm margin
around the circumference of the screw. Three-dimensional images
of these structures were constructed using a CT analysis software.
Twenty-four

weeks

after

operation,

all

animals

were

euthanized with IV potassium chloride (KCl, Huons, Sungnam,
Korea). After sacrifice, blood was drained by cutting the axillary
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artery, and the whole mandible was removed. Each sample was
subsequently fixed in a 10% neutral buffered formalin solution,
decalcified, and stained with hematoxylin and eosin (H&E), and
Masson’s

trichrome

(MT).

The

resorption

of

screws

and

histological changes around the screw including inflammatory
response, bone formation, and gas cavity were investigated.
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III. Results
Physical properties of magnesium alloy screws
Before extrusion, the WE43 magnesium alloy had an ultimate
tensile strength of 260 MPa and a tensile yield strength of 160 MPa,
and the elongation was 6%. After extrusion and multi-axial rolling
processing, the ultimate tensile strength was 303 MPa, tensile yield
strength was 195 MPa, and elongation was 6%.
In the torsion tests of the screws, the maximum torque of the
screw made of Mg alloy processed by extrusion increased by 107%
compared to that of the pure Mg screw. The maximum torque of the
processed screw was 51.1 N, which was almost equal to that of Ti.
The maximum torque of the screw made of extruded Mg alloy was
8.4% lower than that of the Ti screw (Figure 2B).

Hydrogen gas generation during magnesium alloy corrosion
The volume of gas generated by the Mg alloy with HA coating
was 9.5 ml on the 6th day after immersion in SBF, while that for the
non-coated Mg alloy was 15.2 ml. More gas was produced by the
magnesium alloy than pure magnesium (Figure 8).
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Long-term biocompatibility and bioabsorption capability of
treated magnesium alloy in the leg of rabbits
There was no bone fracture, gas formation, wound dehiscence,
or infection after placing treated Mg alloy screws and cylinders in
the femurs and tibiae of rabbits. In most subjects, only slight
swelling on the operation site, which resolved subsequently, was
observed initially. A screw in the tibia of one of the animals
displaced into the soft tissue layer from the bone at 8 weeks
postoperatively.
X-ray images taken up to 80 weeks postoperatively showed
that the screws and cylindrical samples generally retained their
shape. However, the screw head was absorbed apparently.
There was little radiographic difference of absorption according
to the presence of the coating (Figure 9). In the X-ray images,
screws that retained their shapes were less absorbed compared to
displaced screws at 20 weeks postoperatively. This absorption was
completely absent after 28 weeks. When the subject with screw
displacement was sacrificed 24 months after operation, the screw
could not be identified during μCT, and the shape of the cortical
bone was maintained.
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At 3, 12, and 24 months, the shape of the screw and the
cylindrical sample was generally maintained as revealed by μCT.
Absorption of the head of screws was observed and had progressed
further at 24 months compared to 3 and 12 months after surgery.
Radiolucent findings in the bone marrow were observed on
postoperative 3-month images, but not on 12- and 24-month
images. Irregular cortical bone around the screw was observed,
which was prominent postoperatively at 12 and 24 months. These
results were not different between the two groups with or without
coating (Figures 10, 11, 12). The residual volume of the cylindrical
sample at 3 months decreased compared to the volume at the start
of the experiment. In that case, the absorption amount of the noncoating group was higher (Figure 10E, F).
Histologically, there was no inflammation in any of the
specimens 3, 12, and 24 months post-operation. An osteoblastic
lining and woven bone formed around the screw threads and
cylindrical samples. Periosteal reaction was found around the screw
heads. There were unstained voids in the bone marrow. Histological
examination showed no specific differences between the HAcoated Mg alloy and non-coated Mg alloy (Figure 13).
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Biomechanical study of treated magnesium alloy screw in the
mandibular osteotomy model
Biomechanical evaluation of magnesium alloy screw using finite
element analysis
The stress on the screws was highest at the interface of the
segment (Figure 14). The maximum equivalent stress of the treated
Mg alloy showed values in the middle range compared to titanium
and polymer. Titanium screws had the highest maximum equivalent
stress while that for polymer screws was the lowest. The maximum
equivalent stress for screws made of magnesium and magnesium
alloys were similar. The maximum equivalent stress for the
advancement group was the highest compared to both the nomovement and setback groups. The maximum equivalent stress
decreased as the number of screws increased. In the groups with
three screws, the lowest value was seen in the group with the two
screws placed on the upper load-sharing area of the external
oblique ridge, and one screw placed on the lower anterior loadbearing area of the mandible border. In the group with four screws,
the lowest value was observed in the group with three screws
placed on the upper load-sharing area of the external oblique ridge,
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and one screw placed on the lower anterior load-bearing area of
the mandible border (Figure 15). In most cases, the PVMS was
highest where the upper anterior screw was located (point 3, 61%).
The magnesium alloy screw was not fractured when an occlusal
force of 132 N was applied to it. However, it could not endure the
500 N occlusal force. The titanium screw was fractured only when
a 500-N occlusal force was applied in the 5-mm advancement
group. The magnesium and polymer screws were fractured when
occlusal forces of 132 N and 500 N were applied (Figure 16).
Biomechanical evaluation of magnesium alloy screw in the
sagittal split ramus osteotomy synthetic mandible
There were no screw fractures or deformations in any
specimen in either titanium or magnesium alloy groups. In all cases,
the yield load was measured when fracture occurred in the
synthetic mandible. Horizontal fractures occurred in most of the
specimens made of magnesium alloy at the ramus of the proximal
segment. In some specimens, fractures occurred in the bone around
screws at points 1 and 2.
The values of the yield load and displacement tended to be
higher in the magnesium alloy group than the titanium group. The
average yield load of the magnesium alloy was 82.1 N (standard
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deviation (sd): 16.1) and that of titanium was 54.9 N (sd: 11.3).
The average yield displacement of the magnesium alloy was 7.8 mm
(sd: 2.9), and that of titanium was 5.8 mm (sd: 1.5). When the yield
loads were compared between the magnesium alloy and titanium in
the same screw configuration, there was a significant difference in
screw positions B, E, and F (P<0.05). When the yield loads were
compared between groups with different screw configurations,
there was no significant difference (P>0.05) as shown in Figure 17
and Table 2.
Preclinical evaluation of magnesium alloy screw in the canine
sagittal split ramus osteotomy model
All beagle dogs showed stable outcomes without any specific
problems. There was no wound dehiscence, screw exposure, gas
formation, infection, or fistula formation for 24 weeks. The
operation site healed well without hypertrophic scar formation
(Figure 18). After the operation, the stability of the mandible was
the same as before the operation in all dogs. The occlusion
remained stable until 24 weeks.
However, in the second postoperative month, the screws in one
of the subjects in the magnesium alloy group displaced from the left
mandible into the soft-tissue layer. The dislocated screws were
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noticed beneath the skin upon palpation, but there was no evidence
of infection or inflammation during the observation period (Figure
19A).
In the group fixed with magnesium alloy, radiolucent areas were
observed in the bone marrow at 1-month postoperative CT. The
area decreased with time and was not observed in the postoperative
6-month image. During the follow-up period, the screw thread
generally retained its shape, however apparent absorption of the
screw head was observed. The bone around the screw was
maintained. The osteotomy line was clearly visible 1 month after
operation and had slightly disappeared 3 months after operation. At
6 months, the osteotomy line was not visible, and proper bone
healing was observed (Figure 20A). In the group fixed with titanium
screws, screw displacement was not observed and bone fixation
was well maintained at 1, 3, and 6 months postoperatively (Figure
20B).
In the X-ray and CT images of one animal in which the screws
displaced unilaterally, the screws were continuously observed in
the soft-tissue layer during the follow-up period. The screw size
decreased gradually. It was eventually absorbed fully after 6
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months. Soft-tissue swelling around the displaced screws was not
observed (Figure 19B, C).
The µCT images obtained after sacrifice showed decreasing
radiolucent areas in the bone marrow and bony gap between
segments, which was similar to findings in the CT images at 6
months. In the µCT images of the magnesium alloy group, the ratio
of the remaining volume of the screw to the initial volume was
24.14% on average and the volume of the newly generated bone in
the 1-mm area was 9.81 mm3 as shown in Figure 21 and Table 3.
There was no inflammation in any of the histological sections in
the Mg alloy group. An osteoblastic lining and woven bone were
observed around the threads of Mg alloy screws. New bone formed
well near the screw head, as seen in sections stained with MT.
There were unstained areas in the bone marrows of the magnesium
alloy group. Histological examination showed no specific differences
between the magnesium alloy and titanium (Figure 22).
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IV. Discussion
Various methods have been studied to increase the strength of
Mg, however, pure Mg showed inadequate strength for clinical
usage even after processing [20, 21]. Many Mg alloys have a higher
strength than pure Mg and there are no differences in their
biocompatibility [22-25]. In this study, WE43, a magnesium alloy,
which possessed a relatively higher strength than pure Mg in
preliminary experiments, was selected to develop an absorbable
metallic screw [26, 27]. Additionally, extrusion and multi-axial
processing were performed in order to increase the strength of the
Mg alloy. The ultimate tensile strength and tensile yield strength of
the WE43 Mg alloy obtained by extrusion and multi-axial
processing were 303 MPa and 195 MPa, respectively. In the
literature, the untreated WE43 Mg alloy had an ultimate tensile
strength of 250 MPa and a tensile yield strength of 162 MPa [28].
Pure Mg has an ultimate tensile strength of 157 MPa and a tensile
yield strength of 92 MPa [28]. The strength increased by about 59%
after changing the material from pure Mg to Mg alloy, and increased
by about 21% after subjecting it to a strengthening process.
However, the obtained strength of the treated Mg alloy did not
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reach that of Ti.
In this study, treated WE43 Mg alloy material was partially
absorbed over the 2-year observation period. In one study, the
shape of the screw made of Mg alloy (AZ31) was maintained for 12
weeks [29]. Similarly, in another study, the shape of screws
fabricated from Mg alloy remained after 6 months [30]. However,
the screws were completely resorbed in another experiment that
lasted for 12 months [31].
It is well known that when Mg is exposed to the biological
environment, hydrogen

gas

and

ion

is released

during

the

degradation process. This can induce alkaline poisoning in the
adjacent tissue and sometimes cause tissue necrosis [6]. The
control of Mg alloy absorption is necessary to prevent harmful
reactions. For this purpose, HA coating was suggested and has been
shown to increase the biocompatibility of Mg alloy and contribute to
bone formation by increasing osteoblast attachment [1, 6, 32, 33].
Absorption of the screw head occurred despite the HA coating [6].
It was suggested that the screw head had absorbed a lot because of
fluid contact due to hematoma and seroma, and deformation by
direct contact with the driver. The screw thread might be peeled off
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the coating as the screw enters the bone, however, little absorption
of thread was occurred. This is probably because the screw thread
was surrounded by compact bone and interfered contact with the
fluid.
WE43 is a Mg alloy consisting of Mg, 3.78 wt.% Y, 2.13 wt.%
Nd, and 0.46 wt.% Zr (there are small differences in this ratio), and
Mg, Zr, and Y are known to be biocompatible, if not present in large
amounts. In contrast, Nd has been reported to be irritating to the
eyes, mucosa, and skin and to have possible harmful effects on the
lungs and liver [34]. Although the Mg alloy might be potentially
hazardous, in our experiment, a harmful effect on general health
was not observed. In addition, a harmful reaction of the local tissue
was not observed in histological findings. This result is similar to
that of other studies that showed no histological abnormalities in the
lungs, liver, intestines, kidneys, pancreas, and spleen [30, 31, 35,
36]. Several studies on the biocompatibility of magnesium alloys
show that they do not cause any harmful effect in the body.
During in vivo experiments, displacement of Mg alloy screws
occurred in one animal, but most of the Mg alloy screws were well
maintained in the bone fixation. There was no evidence of infection
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in the displaced screw. It was assumed that the cause of the screw
displacement was screw loosening due to improper initial fixation.
A force of 132 N was considered as a functional load during
mastication after SSRO [13, 37]. Harada et al. [37] reported a
functional bite force of more than 300 N 1 year after SSRO. Iwase
et al. [17] reported that up to 500 N of occlusal force could be
developed after orthognathic surgery. Throckmorton et al. [16] also
presented similar results. Ferrario et al. [38] estimated that
bilateral bite forces were approximately 700 N in healthy, young
adults. In this study, we applied forces of 132 N and 500 N, which
were adopted from several studies. The Mg alloy screw exhibited a
low risk of fracture after subjection to a virtual occlusal force of
132 N, suggesting that they can tolerate this occlusal force after
orthognathic surgery.
The PVMS values in the setback and no-movement groups
were much lower than those in the advancement group. This might
be related to stress sharing by ‘bone buttressing’ between the
proximal and distal segments along the osteotomy line [39]. It was
difficult to make a simple comparison of PVMS values according to
materials because the diameter of screws were different. The
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PVMS was largely dependent on the diameter, and the lowest value
was observed in the polymer group which had the widest diameter.
In terms of the configuration of the screw, superior results
were obtained when screws were placed in the anterior lower
border of the mandible. As the number of screws increased, the
PVMS decreased. In the Mg alloy group, under the occlusal force of
132 N, the PVMS values in the no movement, setback, and
advancement groups were 102, 78, and 128, respectively, in the
group with five screws; 106, 95, and 131, respectively, in the group
with four screws; and 121, 107, and 139, respectively, in the group
with three screws. Similar results were found in the study by Lee
et al. [13] using pure Mg. Under an occlusal force of 132 N, using
three, four, and five screws each, the PVMS values were 180, 143,
and 123, respectively, in the advancement group, and 108, 86, and
63, respectively, in the setback group, in that study. However, the
FEA results are not absolute barometer of SSRO environment.
There were differences between the FEA results and clinical
situations. In real clinical situations involving human mandibles,
many factors such as muscle force, dynamic mandibular movement,
dynamic/static occlusal loading, and fatigue of screw should be
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considered [40].
In the synthetic mandible model, the difference in yield load
according to the screw number and location was not significant.
Oguz et al. [41] reported that stability was higher when one
additional bicortical screw was used than when only plates were
used. Other studies have shown that bicortical screws have higher
stability than plates, regardless of material type or jaw movement
[42-44]. In our study, the number of screws was set in the same
way as the FEA study. It is presumed that the relatively high
stability between the segments was due to the large number of
screws. We attempted to observe the screw deformation and
fracture with increasing occlusal force, but the fracture of the
synthetic mandible occurred earlier than expected.
The low strength of commercial synthetic mandibles, short
distance between the jaw margins and the screw, difficulty in
making accurate holes, non-parallel fracture plane between the
segments, and irregular contact areas inside the segments are
considered to be influential factors. Additional experiments using
stronger synthetic models are required.
The average bite force of the dog was reported to be 256 N,
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with a range from 13 N to 1394 N in the various breeds of dogs
[45], which was larger than the physiological occlusal force after
orthognathic surgery in humans. The bone fixation was well
maintained after mandibular osteotomy in dogs, therefore this result
suggests that Mg alloy screws can be used in clinical applications
for humans.
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V. Conclusion
The ultimate tensile strength of Mg alloy screws was increased
to 303 MPa through physical processing. Partial absorption of the
screws occurred in the 2-year observation period. The treated Mg
alloy screw was biocompatible and possessed stable bone fixation
capability in vitro and in vivo. Based on these results, bone fixation
screws made of magnesium alloy can be considered as an adequate
potential substitute for screws made of titanium and polymer for
fixation after mandibular osteotomy.
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Figure Legends
Figure 1. Dimension of cylinders and screws
For the samples used in the experiment involving rabbits, the
cylindrical sample was prepared with magnesium (Mg) alloy (5 mm
in length and 1 mm in diameter) (A). The screw was prepared with
Mg alloy (0.725 mm in pitch, 0.30 mm in thread depth, 6.0 mm in
length, 1.6 mm in diameter, and 3.4 mm in head diameter) (B). For
the samples used in the experiment involving dogs, the screw was
prepared with Mg alloy (same pitch and thread depth as that used in
the experiment involving rabbits, 7.0 mm in length, 2.0 mm in
diameter, and 3.8 mm in head diameter) (C) and titanium (same
pitch and thread depth as that used in the experiment involving
rabbits, 7.0 mm in length, 1.6 mm in diameter, and 2.5 mm in head
diameter) (D).

Figure 2. Torsion tests of the treated Mg alloy screw
Screws with a diameter of 1.5 mm made of Ti, and screws with
a diameter of 2.3 mm made of pure Mg, Mg alloy, and extruded Mg
alloy were rotated with a driver after the screws were fixed on a
torque gauge. The maximum torque upon fracture, was measured
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(A). The maximum torque of the screw made of Mg alloy processed
by extrusion increased by 107% compared to that of the pure Mg
screw. The maximum torque of the screw made of extruded Mg
alloy was 8.4% lower than that of the Ti screw (B).

Figure 3. Intraoperative clinical photographs of the Mg screw and
cylinder in the rabbit leg experiment.
A screw was inserted into the tibia (A). A cylinder was
inserted into the femur (B). Screw and cylinder samples with no
surface treatment were inserted into the left leg and those coated
with hydroxyapatite were inserted into the right leg.

Figure 4. Constructed 3-dimensional model of mandibular sagittal
split ramus osteotomy (SSRO).
The osteotomy line was set in the same manner as that in
Hunsuck’s modified method. The horizontal osteotomy line was
parallel to the mandibular occlusal plane 0.5 cm above the lingula,
and the vertical osteotomy line was parallel to the axis of the lower
second molar, located on the interdental area between the lower
first and second molars. The medial posterior vertical line was set
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up similarly to the short lingual technique and was separated by 0.5
cm posterior from the lingula perpendicularly on the horizontal line
(A). For an accurate localization of fixation points, the x-axis was
defined as an extension of the mandibular occlusal plane, and the
reference point was defined as the intersection of the x-axis and
the anterior border of the ascending mandibular ramus. The y-axis
was defined as the line perpendicular to the occlusal plane and
passing through the reference point. The fixation points and their
locations were defined as follows (B):
l

Point 1: 10 mm below the reference point: (0,-10)

l

Point 2: 5 mm backward and 8 mm upward from point 1: (-5,

-2)
l

Point 3: 5 mm forward and 8 mm downward from point 1: (5,

-18)
l

Point 4: 15 mm downward from point 1: (0, -25)

l

Point 5: 15 mm backward from point 1: (-15,-10)

Figure 5. Finite element analysis (FEA) according to the amount of
movement of the distal segment, screw number, and screw location.
In relation to the amount of movement of the distal segment, 3
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groups were created namely the no change, 5 mm advancement, and
5 mm setback groups (A). Other groups were created according to
the position of the screw. Two or three screws were placed on the
upper load-sharing area of the external oblique ridge, and one or
two screws were placed on the lower load-bearing area of the
mandible border. Six groups were classified as follows (B):
l

Three screws - A: upper 2 screws, lower anterior 1 screw

(points 2, 3, 4), B: upper 2 screws, lower posterior 1 screw (points
2, 3, 5)
l

Four screws - C: upper 3 screws, lower anterior 1 screw

(points 1, 2, 3, 4), D: upper 3 screws, lower posterior 1 screw
(points 1, 2, 3, 5), E: upper 2 screws, lower anterior 1 screw, lower
posterior 1 screw (points 2, 3, 4, 5)
l

Five screws - F: upper 3 screws, lower 2 screws (points 1,

2, 3, 4, 5)

Figure 6. The fixation test for Mg alloy screws using the synthetic
osteotomy model.
The position of screws were similar to that used in the FEA
study. Two or three screws are placed on the upper load-sharing
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area of the external oblique ridge and one or two screws were
placed on the lower load-bearing area of the mandible border. The
horizontal osteotomy line was parallel to the mandibular occlusal
plane 0.5 cm above the lingula, and the vertical osteotomy line was
parallel to the axis of the lower second molar, located on the
interdental area between the lower first and second molars. The
synthetic bone segments were fixed with Mg alloy screws. To
prevent unwanted stress from interfering when displacement of
segments occurs, bone tissue was removed 2 mm above the medial
cut of the distal segment (A) and 2 mm behind the vertical cut of
the proximal segment (B). After the sample was secured in the jig,
the jig, with the sample, was mounted on the universal testing
machine (model AG-10KNX; Shimadzu Corp, Kyoto, Japan) with
customized test platforms (C). Occlusal force was applied to the
central fossa of the mandibular first molar.

Figure 7. Intraoperative bone fixation using Mg alloy screw in the
the canine sagittal split ramus osteotomy experiment.
Osteotomy was performed using a reciprocating saw and fissure
bur. First, a vertical cut was made on the exterior part of the
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mandible. Next, an inferior cut was made on the mandibular border
and a superior cut was made on the buccal alveolar bone, parallel to
the occlusal plane. Finally, a medial cut was made on the lingual side
of the mandible while protecting the lingual periosteum. After
connecting the cutting lines, bony segments were separated using a
chisel and mallet (A). Mg alloy screws were fixed to the preformed
holes (B).

Figure 8. Hydrogen gas volume measurement during Mg alloy
corrosion.
The volume of hydrogen gas produced during corrosion of the
magnesium alloy was measured. Hexagonal specimens, 1 cm in size,
made of pure magnesium and magnesium alloy were fabricated for
the

experiment.

Half

of

the

specimens

were

coated

with

hydroxyapatite. These specimens were tested by immersion in 80
ml of simulated body fluid (142 mM Na+, 5 mM K+, 2.5 mM Ca2+,
1.5 mM Mg2+, 147.8 mM Cl-, 4.2 mM HCO-, 1 mM HPO42-, and 0.5
mM SO42-) adjusted to a pH of 7.4 at 37 ℃ for up to 6 days, and
the volume of gas per unit weight was measured. Regardless of the
coating and the materials the specimens were made of, the volume
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of gas generated increased with time. The volume of gas produced
by the specimen made of magnesium alloy was more than that
produced by the specimen made of pure magnesium.

Figure 9. Radiographs of the screws and cylinders in the rabbit leg
Digital X-rays images (Dexcowin ADX 4000, Dexcowin, Seoul,
Korea) were taken immediately after surgery, every 4 weeks until
20 weeks, and every 8 weeks thereafter for the evaluation of
absorption (tube voltage: 60 kV, tube current: 2 mA, exposure time:
0.12 s). The cylindrical samples without any surface treatment
were inserted into the left femur (A), and those coated with
hydroxyapatite were inserted into the right femur (B). The screws
without any surface treatment were inserted into the left tibia (C),
while those coated with hydroxyapatite were inserted into the right
tibia (D). During the observation period, which lasted for 80 weeks,
no remarkable differences between HA-coated Mg alloys and noncoated Mg alloys were observed. A prominent change in the shape
of the specimen was not noted during the observation period.

Figure 10. Micro-computed tomography of the screw and cylinder
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in the rabbit leg at 3 months postoperatively.
CT images of the non-coated cylinder (A), HA-coated cylinder
(B), non-coated screw (C), and HA-coated screw (D) were
obtained. Radiolucent voids in bone marrow were found (arrows).
The graphs show a comparison between the residual cylinder
volume (E) and resorption rate (F) at 3 months. Absorption of the
cylindrical sample had progressed at 3 months postoperatively. The
HA-coating seemed to prevent this absorption.

Figure 11. Micro-computed tomography of the screw and cylinder
in the rabbit leg at 12 months postoperatively.
CT images of the non-coated cylinder (A), HA-coated cylinder
(B), non-coated screw (C), and HA-coated screw (D) were
obtained. The radiolucent void in the bone marrow had vanished.
Resorption of the screw head had progressed significantly 12
months after the operation compared to 3 months after the
operation (arrows).

Figure 12. Micro-computed tomography of the screw and cylinder
in the rabbit leg at 24 months postoperatively.
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CT images of the non-coated screw (A) and HA-coated screw
(B) were obtained. Resorption of the screw head was more evident
24 months compared to 3 and 12 months after the operation
(arrows).

Figure 13. Decalcified cross-section of the screw and cylinder in
the rabbit leg at 24 months postoperatively.
Histological sections of the non-coated cylinder (A), HAcoated cylinder (B), non-coated screw (C), and HA-coated screw
(D) were obtained and examined. There was no inflammation in any
of the specimens. An osteoblastic lining and woven bone had formed
around the screw threads and the cylinder. New bone had also
formed around the screw and cylinder.

Figure 14. Visualization of peak von Mises stress (PVMS) on the
synthetic mandible with sagittal split ramus osteotomy.
The stress on the screw was highest at the interface of the
segment.

Figure 15. Peak von Mises stress (PVMS) according to movement
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and load on the virtual mandible with sagittal split ramus osteotomy.
The graphs show that the no-movement group loaded occlusal
force of 132 N (A), and 500 N (D), 5 mm-advancement group
loaded 132 N (B) and 500 N (E) and 5 mm-setback group loaded
132 N (C) and 500 N (F). Graph bars with cross-hatching and
horizontal

stripes

represent

the

polymer

(Inion)

and

pure

magnesium, respectively. Those shaded gray and black represent
titanium and magnesium alloy. The maximum equivalent stress was
lower as the number of screws was increased. In the group with
three screws, the lowest value was seen in the subgroup with two
screws placed on the upper load-sharing area of the external
oblique ridge, and one screw placed on the lower load-bearing area
of the mandible border. In the group with four screws, the lowest
value was seen in the subgroup with three screws placed on the
upper load-sharing area of the external oblique ridge, and one
screw placed on the lower load-bearing area of the mandible
border.

Figure 16. The failure risk according to movement and load on the
virtual mandible with sagittal split ramus osteotomy.
57

The graphs exhibited that the no-movement group loaded
occlusal force of 132 N (A), and 500 N (D), 5 mm-advancement
group loaded 132 N (B) and 500 N (E) and 5 mm-setback group
loaded 132 N (C) and 500 N (F). Graph bars with cross-hatching
represents group A (group with two screws placed on the upper
load-sharing area of the external oblique ridge, and one screw
placed on the lower anterior load-bearing area of the mandible
border [at points 2, 3, and 4]). Those with horizontal stripes
represent group B (group with two screws placed on the upper
load-sharing area of the external oblique ridge, and one screw
placed on the lower posterior load-bearing area of the mandible
border [at points 2, 3, and 5]). Graph bars with multi-dotting
represent group C (group with three screws placed on the upper
load-sharing area of the external oblique ridge, and one screw
placed on the lower anterior load-bearing area of the mandible
border [at points 1, 2, 3, and 4]). Those shaded black represent
group D (group with three screws placed on the upper load-sharing
area of the external oblique ridge, and one screw placed on the
lower posterior load-bearing area of the mandible border [at points
1, 2, 3, and 5]). Graph bars shaded gray represent group E (group
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with two screws placed on the upper load-sharing area of the
external oblique ridge, one screw placed on the lower anterior
load-bearing area of the mandible border, and one screw placed on
the lower posterior load-bearing area of the mandible border [at
points 2, 3, 4, and 5]). Those with vertical stripes represent group
F (group with three screws placed on the upper load-sharing area
of the external oblique ridge, and two screws placed on the lower
load-bearing area of the mandible border [at points 1, 2, 3, 4, and
5]). The value above the red horizontal line is the estimated failure
risk of the screw. The magnesium alloy screw did not fracture when
a 132-N occlusal force was applied. However, it could not endure
the 500-N occlusal force. The titanium screw fractured only when
500 N of occlusal force was applied in the advancement group.
Magnesium and polymer screws were fractured by both 132 N and
500 N occlusal forces.

Figure 17. The distributed graphs

of yield

load

and

yield

displacement on breaking point in synthetic mandible analysis.
The graphs demonstrate the distribution of the breaking point
value in the magnesium alloy group (A) and the titanium group (B).
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The values of the yield load and yield displacement tended to be
higher for magnesium alloy than titanium.

Figure 18. Postoperative clinical appearances of beagle dog fixed
with Mg alloy screw after bilateral sagittal split ramus osteotomy at
6 months postoperatively.
Weak scar, stable occlusion, and cameo swelling were observed.

Figure 19. Dislocation of the Mg alloy screws in the canine
experiment.
In the X-ray (B) and CT (C) images of one animal in which the
screws were displaced unilaterally 2 months after surgery, the
screws were continuously observed in the soft-tissue layer during
the follow-up period, and the screw size decreased gradually and
the screw was eventually absorbed. No soft-tissue swelling around
the displaced screws was observed (A).

Figure 20. Computed tomography image of the screw in the canine
experiment at 1, 3 and 6 months postoperatively.
The screw generally retained its shape but resorption of screw
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head was observed. The bone around the screw was maintained.
Radiolucent voids initially observed in the bone marrow disappeared
(arrows). The osteotomy line was clearly visible 1 month after the
operation but was slightly reduced after 3 months. Six months after
the operation, the osteotomy line had disappeared, and proper bone
healing was observed (A). In the group fixed with titanium screws,
no problematic findings were observed at 1, 3, and 6 months
postoperatively (B).

Figure 21. Micro-computed tomography image of the Mg alloy
screw at the canine experiment at 6 months postoperatively.
The µCT images obtained after sacrifice showed similar
findings to CT images obtained at 6 months. In the µCT images of
the magnesium alloy group, the ratio of the remaining volume of the
screw to the initial volume was 24.14% on average and the volume
of the newly generated bone in the 1 mm area was 9.81 mm3.

Figure 22. Histological findings of the decalcified specimen in the
beagle dog at 24 weeks postoperatively.
The MT stained histological sections of the Mg alloy screw (A),
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and the titanium screw (B) were examined. There was no
inflammation in any of the histological sections. An osteoblastic
lining and woven bone were observed around the screw threads and
in the gaps in the segments. New bone was formed near the screw
head, as seen in sections stained with MT.
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Tables
Table 1. Mechanical properties of cortical bone, cancellous bone, titanium, polymer, pure magnesium and magnesium
alloy.
Materials

Cortical bone

Young's

Shear modulus

modulus (MPa)

(MPa)

Poisson's ratio

Yield strength

Ultimate strength

(MPa)

(Mpa)

15,000

5,639

0.33

.

.

1,500

577

0.30

.

.

113,800

43,000

0.34

880

950

Polymer (Inion)

3,150

1,078

0.46

.

45

Pure Magnesium

45,000

16,300

0.35

92

157

Magnesium alloy (WE43)

44,000

17,000

0.27

198

280

Cancellous bone
Titanium

For finite element analysis, the Young’s modulus, shear modulus, and Poisson’s ratio were input into the program.
The possibility of fracture (failure risk) was analyzed considering the yield strength of each material compared to
PVMS. In case of Inion, because the material was too brittle to measure the yield strength, the ultimate strength was
used instead.
84

Table 2. Yield load and yield displacement at the breaking point of synthetic mandible.
Screw count, location
Mg alloy
Load (N)

A
74.5±
17.7

B
83.3±
14.4

C
75.6±
14.3

D
93.2±
22.6

E
85.0±
14.7

F
81.2±
12.0

Mean
82.1±
16.1

8.1±
3.2
51.1±
18.7

9.2±
4.4
58.4±
7.8

8.0±
2.9
59.2±
4.1

8.4±
3.5
57.9±
13.4

7.3±
1.2
55.6±
10.7

6.0±
1.3
47.6±
8.5

7.8±
2.9
55.0±
11.3

Displacement
5.8±
7.1±
(mm)
1.2
0.7
†
P-value
0.151
0.032
*: Kruskall-Wallis test for screw configurations

6.6±
2.3
0.056

5.7±
1.3
0.056

4.9±
1.1
0.008

4.6±
0.7
0.008

5.8±
1.5

Titanium

Displacement
(mm)
Load (N)

P-value*
0.724

0.639

†: Mann-Whitney U test for materials
The occlusal force at the time when the screw broke or when the segment was separated was measured (yield load
[N]). The distance moved by the load cell at the time when the segments were separated was measured (yield
displacement [mm]). Means and standard deviations were derived and each value was compared for statistical
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significance using a Kruskal-Wallis test for screw location and a Mann-Whitney U test for materials. A P<0.05 was
considered significant.
Six groups were classified according to the screw count and the location as follows:
Three screws - A: upper 2 screws, lower anterior 1 screw (points 2, 3, 4), B: upper 2 screws, lower posterior 1
screw (points 2, 3, 5)
Four screws - C: upper 3 screws, lower anterior 1 screw (points 1, 2, 3, 4), D: upper 3 screws, lower posterior 1
screw (points 1, 2, 3, 5), E: upper 2 screws, lower anterior 1 screw, lower posterior 1 screw (points 2, 3, 4, 5)
Five screws - F: upper 3 screws, lower 2 screws (points 1, 2, 3, 4, 5)

Table 3. Remaining screw volume and new bone volume on micro CT of canine model at 6 months
Postoperatively.
Animal

Remaining screw volume (%)

New bone volume (㎣)

#1

25.2±8.2

7.4±3.4

#2

16.4±3.1

10.9±3.5
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#3

26.5±6.1

11.4±3.4

#4

21.4±5.9

8.4±2.6

#5

26.1±14.7

12.7±8.4

Mean

24.14±3.7

9.81±4.0

The volume of the remaining screws was calculated by combining 7.1 µm thick cross-sectional slices of
the remaining amount of the screw and the amount of cortical and marrow bone including a 1-mm margin
around the circumference of the screw obtained from µCT images. The remaining volumes of screws
were constructed three-dimensionally using the CT analysis software.
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Abstract in Korean
국문초록

마그네슘 합금 나사의 장기간
생적합성과 생흡수 및 뼈고정 능력

임 호 경
서울대학교 대학원 치의과학과 박사과정 구강악안면외과학 전공
(지도교수 이 종 호)

배경 및 연구목적
마그네슘 금속은 체내 흡수성과 생체친화성으로 흡수성 뼈고정 장치의
잠재적인

소재로

연구되고

있으나,

불충분한

강도와

수소가스

생성이라는 문제가 여전히 임상 적용을 쉽지 않게 하고 있다. 기계적
강도를 증가시키기 위한 합금화와 같은 다양한 물리적, 열, 화학적 경화
과정과, 가스 생성을 조절하기 위한 마그네슘 표면 코팅이 시도되어
왔다. 본 연구는 첫 번째로 마그네슘 합금 가공을 통해 기계적 강도가
증가된 흡수성 금속 나사를 개발하고, 두 번째로 장기간의 생흡수와
생체 친화성에 대해 조사하며, 마지막으로 생체 외, 생체 내에서 하악골
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절단술 고정에 사용하는 흡수성 뼈고정 나사의 적용 가능성을 평가하는
것을 목적으로 하였다.

연구 방법
강도

강화를

위해

열처리와

사출가공,

다축압연을

통해서

WE43 마그네슘 합금의 물리적인 성질을 개선하였다. 가공 처리된
마그네슘 합금으로부터 나사와 실린더를 설계 및 제작하고, 나사의 최대
토크 값과 부식에 따른 수소가스 발생량을 측정하였다.
마그네슘

합금으로

만든

나사와

실린더를

가토

경골과

대퇴골에

삽입하였다 (n=12). 부식에 따른 코팅의 효과를 관찰하기 위해 절반의
시편에는 수산화인회석 코팅을 시행하였다 (두께 2 ㎛). 술 후 3, 12,
24 개월에 희생 시까지 흡수 평가를 위해 방사선 촬영 및 마이크로
전산화

단층촬영을

시행하였고,

희생

후

생체친화성

평가를

위한

조직절편을 제작하였다.
시상지 분할술이 시행된 인공 하악골을 제작하고, 원심골편의 이동량,
나사의 소재, 나사의 위치에 따른 생역학적 연구를 시행하였다. 132N 과
500N 의 가상의 교합력을 하악 제 1 대구치부에 가해서 유한요소
분석을 시행하였다. 각 소재 별 항복강도 값을 이용하여 나사의 실패
가능성을

계산하였다.

나사가

파절되거나

응력과 load cell 의 이동량을 측정하였다.
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골편이

변위되는

순간의

10

마리의

비글견에

구외접근법을

통한

하악골

시상지

분할술을

시행하였다. 절반은 강화된 마그네슘 합금 나사로, 나머지는 티타늄
나사로 고정하였다. 매주 임상 관찰을 하고 술 후 1, 3, 6 개월에 전산화
단층 촬영을 시행하였으며, 희생 후 마이크로 전산화 단층 촬영 및 조직
절편을 제작을 통해 흡수 및 조직반응을 평가하였다.

연구 결과
사출가공과 다축압연 후 최대인장강도는 303MPa, 항복 인장강도는
195MPa 였다. 가공된 나사의 최대 토크는 51.1N 으로 티타늄과 거의
동일한 값을 보였다. 유사생체용액 침전 6 일 후 마그네슘 합금 시편의
수소가스 생성은 코팅을 한 경우 9.5ml, 코팅을 하지 않은 경우 15.2
ml 였다.
술 후 24 개월 기간 동안 코팅 여부와 관계없이 감염 및 가스형성과
관련 있는 임상적인 문제는 관찰되지 않았다. 방사선 소견에서 나사와
실린더의

외형은

거의

유지되었고,

나사

머리부의

흡수는

점차

진행되었다. 강화된 마그네슘 합금은 조직학적으로 우수한 생체친화성과
염증반응 없이 골 형성이 관찰되었다.
인공 하악골 시편 모두에서 나사의 파절과 변위는 없었으며, 마그네슘
합금

군에서

파절

응력과

변위량이

더

높게

나타났다.

유한요소

분석에서 마그네슘 합금의 최대등가응력은 다른 소재에 비해 중간
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범위의 값을 나타냈고, 원심 골편의 이동량과 관계없이 유사한 양상을
보였다. 소재의 항복강도를 고려하였을 때 132N 이하의 교합력에서
마그네슘 합금 나사는 안정적이었다.
나사의 파절, 교합 변위, 감염, 누공 형성은 비글견 실험에서 관찰되지
않았다. 한 개체에서 나사의 변위가 있었지만, 나머지 개체에서는
뼈고정이 잘 유지되었다. 방사선학적 및 조직학적으로 염증반응 없이
골형성이 관찰되었다.

결론
마그네슘 합금 소재를 가공 처리한 뼈고정 나사는 303MPa 의 증가된
최대 인장강도를 보여 주었으며, 2 년간의 생체내 관찰 기간 동안 나사의
부분적인 흡수가 나타났다. 강화된 마그네슘 합금은 생체 내, 생체
외에서 높은 생체친화성과 안정적인 뼈고정을 나타냈다. 이러한 결과로
볼 때 마그네슘 합금으로 제작된 강도 증강 뼈고정 나사는 하악골
절단술의 고정에서 티타늄과 폴리머 나사를 대신해 적용될 수 있을
것으로 판단되었다.

주요어: 마그네슘 합금, 뼈고정, 흡수성 나사, 생체 친화성, 생흡수성
학번: 2015-31260
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