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Aims
To fully verify the reliability and reproducibility of an experimental method in generating
standardized micromotion for the rat femur fracture model.

Methods

A modularized experimental device has been developed that allows rat models to be used
instead of large animal models, with the aim of reducing systematic errors and time and
money constraints on grouping. The bench test was used to determine the difference be-
tween the measured and set values of the micromotion produced by this device under dif-
ferent simulated loading weights. The displacement of the fixator under different loading
conditions was measured by compression tests, which was used to simulate the unexpected
micromotion caused by the rat’s ambulation. In vivo preliminary experiments with a small
sample size were used to test the feasibility and effectiveness of the whole experimental
scheme and surgical scheme.

Results

The bench test showed that a weight loading < 500 g did not affect the operation of experi-
mental device. The compression test demonstrated that the stiffness of the device was suffi-
cient to keep the uncontrollable motion between fracture ends, resulting from the rat’s daily
activities, within 1% strain. In vivo results on 15 rats prove that the device works reliably,
without overburdening the experimental animals, and provides standardized micromotion
reproductively at the fracture site according to the set parameters.

Conclusion
Our device was able to investigate the effect of micromotion parameters on fracture healing
by generating standardized micromotion to small animal models.
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Article focus Systemic error in experimental data caused
The feasibility and effectiveness of by the animal’s normal activity is negligible.
applying standardized micromotion to a The experimental scheme and surgical
rat femur fracture model using a modu- scheme are safe and effective.
larized external fixator. The experimental results can accurately

and quantitatively analyze the fracture
healing.

Key messages
Modularized experimental device reduces

the burden on animals. Strengths and limitations

Non-contact measurement module based Standardized micromotion with various
on video identification technology monitors parameters was generated to the rat
the micromotion parameters in real time. femur fracture model using an external
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fixator of only 12 g by combining the modularized
design and the video identification technology.

The device can produce only axial micromotion but
not shear bending and torsion.

Introduction

Micromotion — the cyclical motion of fracture fragments
in a small range — is an important biomechanical stimu-
lator of bone-healing.! Clinical observations?* and in vivo
animal studies*'? have proved that applied micromotion
can accelerate fracture healing, with critical parameters
being the range, frequency, duration of motion, and
initial timing of motion. However, these parameters of
applied micromotion are not yet optimized because
previous work has used large animal models, so their
corresponding experimental devices are not suitable to
optimize parameters of micromotion.

The impact caused by the animal’s motion can
produce uncontrollable displacement of fracture frag-
ments,”" which results in considerable systemic error
in the experimental data generated from large animal
models.”* Sample size and experimental grouping are
also limited by the long experimental time and the great
cost of maintaining large animals. Thus, rats with femur
fractures are a good animal model for optimizing micro-
motional parameters, as their advantages include small
size, short convalescence, and low feeding cost.*!>
However, novel fixators and experimental methods do
not yet exist to accurately apply the standardized micro-
motion of various parameters to rat fracture models.

The challenges of using a small animal model in a
micromotion study include: 1) difficulties in providing
adequate stiffness to such a small fracture site to prevent
interference with the experimental results caused by
the animal’s normal activity;'”'® 2) fabricating a light-
weight fixator to reduce the interference of the animal’s
activity;"" and 3) obtaining accurate measurements of
the interfragmentary motion.® Weaver et al'? attempted
to investigate the effect of micromotion across a healing
fracture on callus properties. Their efforts to separate the
heavy adaptor from the main body of the fixator greatly
lightened the burden on the experimental animals, and
made a rat model in this study possible. However, the “C”
type elastic fixator they used does not easily provide axial
displacement or enough rigidity to the fracture site. A
modularized design for the fixator could be a novel tech-
nical route for conducting a bone-healing study.

The aim of this study was to solve the problems of the
current experimental devices by: 1) designing an external
fixator made of high-strength aluminium alloy with a solid
construction; 2) developing a modularized experimental
device with dismountable parts to reduce the burden on
the experimental animals; and 3) programming a non-
contact measurement module based on video identifica-
tion technology with high measurement accuracy.

We hypothesize that our newly developed modular-
ized fixator can apply standardized micromotion to rat

femur fracture models. The goal is to develop an effec-
tive device for investigating the effect of applied micro-
motion on bone repair. After necessary modifications, the
optimal parameters of micromotion in the rat model to
promote fracture healing can be used as a valuable refer-
ence for surgeons to treat fractures, or for researchers to
design fixators.

Methods

Fixator configuration. Our modularized external fixator
consisted of the micromotional fixator, an electronic con-
troller, and a non-contact measuring module.” The mi-
cromotional fixator had a lightweight support, a sliding
block, a stepping motor, a threaded rod, a coupling, and
four Kirschner wires (K-wires) (Figure 1a). The electronic
controller was a commercial single-chip microcomputer
based on an A4988 stepping motor driver (Figure 1b).
Non-contact measurement module. The movement of the
micromotional fixator was monitored by a non-contact
measuring module implemented by a laptop (ThinkPad
X1 Carbon Gen 5; Lenovo, China) and a digital camera
(GoPro HERO 7 Black; GoPro, USA). The acquired videos
were then auto-analyzed to calculate the distance and fre-
quency of the sliding blocking’s reciprocating movement
using MATLAB (The MathWorks, USA). Figure 1c presents
the process of recognizing three red markers (I, Il, and 1lI)
on the micromotional fixator by the video auto-analysis.
The range (R) and the frequency (f) of each micromotion
circle in the displacement-time curve were calculated as
in Figure 1d. The measuring accuracy of this measuring
module was < 0.025 mm in displacement resolution
and < 0.04 seconds in time resolution.

Biomechanical assessment. The performance of the mi-
cromotional fixator under different loading conditions
was validated by setting up a load-simulated facility
(Figures 2a and 2b). The hook weights were tied to the
sliding block on the fixator through a pulley. In this set-
up, the fixator bore compressive stress, which mimicked
the physiological conditions of fracture healing. The mi-
cromotion range (R) and the frequency (f) of the micro-
motional fixators under different weight-load conditions
(0 g to 500 g) were compared. Figure 2c shows the re-
sults of the compressive test to predict the uncontrollable
micromotion caused by the rat’s ambulation. The micro-
motional fixator was fixed on two artificial bones by four
K-wires to simulate the weight status at the fracture site.
The two ends of each artificial bone were compressed
vertically at 0.5 mm/min from 0 g to 2,500 g using a MTS
858 Mini Bionix (MTS, USA) hydraulic loading machine.
The force and displacement data were collected at a sam-
pling rate of 10 Hz. The force-displacement curve was
plotted to predict the displacement of the fixator caused
by the various daily activities of the rat.

Surgical techniques. In total, 15 female Charles River
Sprague-Dawley International Genetic Standardization
rats (CD(SD)IGS) (weighing 250 g to 350 g, 12 weeks
old) were divided into five groups for different ranges of
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Fig. 1

a) Photograph of the micromotional fixator. b) Photograph of the electronic controller. c) The process of recognizing the three markers (I, Il, and Ill) and
calculating the relative displacement of Marker Ill by video auto-analysis. d) The displacement-time curve of Marker Il used to calculate the range (R) and the

frequency (f) of each micromotional circle.
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Fig. 2

a) Photograph of the load-simulated facility to validate the effectiveness of the micromotional fixator. b) The enlarged view of the white box indicated in a). )
Photograph of a compressive test to predict the unexpected micromotion caused by the rat’s ambulation.

micromotion (0, 0.2, 0.4, 0.6, and 0.8 mm). Rats were
anaesthetized with a combination of xylazine (10 mg/kg)
and ketamine (100 mg/kg) before conducting the anti-
septic surgical procedures. After hair-shaving, for prepa-
ration and disinfection, the surgical site was scrubbed
with Betadine Scrub (Avrio Health, USA) for at least two
minutes, followed by drying with a sterile towel; this
scrubbing operation is then repeated for an additional

two minutes and dried with a surgical towel again. For
the right femoral shaft defect model, a surgical incision
was made to expose bone exposed on the lateral thigh
of the rat (Figure 3a) with the periosteum remaining in-
tact. After the femur was exposed, four pilot holes with
diameters of 1.2 mm were made from the lateral to me-
dial parts of the femoral shaft using a hand-held elec-
tric drill (Meinaite, MNT-998512, China). The drilling
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Fig. 3

The schematic diagrams of surgical techniques: a) exposing the femur; b) inserting Kirschner wires after pilot holes were made on the femur; c) installing
external fixator; d) making a 2 mm fracture gap before surgical suturing; e) inserting motor after two-week postoperative recovery, then running the stepping
motor to apply micromotion to the fracture; and f) dismantling the stepping motor and the coupling after each micromotion application.

Fig. 4

a) Photographs of the surgical incision before suturing showing the external fixator fixed on screwed pins parallel to the femur. b) Photograph of a Sprague
Dawley rat carrying the modularized fixator after a two-day postoperative recovery. c) The micromotion was applied after a two-week postoperative recovery;
the fixators only worked when the rats were under anaesthesia to decrease potential pain.

positions were determined by a pre-designed guide plate.
Subsequently, four screwed pins 1.5 mm in diameter
were screwed into the pre-drilled holes (Figure 3b). The
external fixator was fixed onto screwed pins to be par-
allel to the femur (Figure 3c). A 2 mm-long segmental
bone defect?®?' was then made on the femoral diaphy-
sis between the middle two pins with a wire bone saw
(Figure 3d). The periosteum was cut transversely with a
114# scalpel (Swann Morton, UK) to preserve the perioste-
um at the greatest extent. Figure 4a illustrates the surgical
incision and the fracture fixed with the modularized fixa-
tor before suturing. Afterwards, the wound was sutured
layer by layer, and a proper dressing was applied over
the incision. Suturing with a 4/0 Vicryl-coated filament
closed the subcutaneous layer, and 3/0 Ethilon was used
to close the skin. Terramycin (60 mg/kg) was adminis-
tered subcutaneously as an antibiotic prophylactic every
72 hours. Buprenorphine (0.05 mg/kg) was subcutane-
ously injected every 12 hours for three days after surgery
as an analgesic.

Standardized micromotion. After surgery, all the animals
were allowed normal ambulation with the fixators locked
(Figure 4b), except when they were undergoing micro-
motion application (Figure 3e). The stepping motor and
the coupling were removed after each application to ease
the weight burden (Figure 3f). After a two-week postop-
erative recovery, the allocation of experimental groups
was determined by rolling a die. The 0 mm group kept
rigid fixation and was set as the control group. The ex-
perimental groups underwent applied micromotion for
two weeks. To decrease the potential pain, the fixators
were only activated when the rats were under anaesthe-
sia (Figure 4c). During the application, the measurement
module recorded the relative displacement of the fracture
ends as videos and calculated the related micromotion-
al parameters, including the micromotional range and
micromotional frequency. The cage location is changed
weekly, and the other treatment order is determined by
the cage location. All the experimental procedures for
these animal studies were approved by the Committee
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The simulated load weight (0 g to 500 g) did not affect the range (gray bars) or the frequency (red line) of micromotion in a micromotional range of a) 0.2
mm, b) 0.3 mm, and ¢) 0.6 mm (n > 200 circles, *p > 0.05). d) The curve of the loading weight versus displacement/strain of the fixator in the compressive
test. The loading conditions during rat’s normal ambulation (25% body weight), standing on its hind limbs (50% body weight), and greatest force in an
instant (700% body weight) are simulated and represented as coloured dots. BW, body weight; n.s., not significant.

on the Use of Live Animals in Teaching and Research
(CULATR No. 4893-18).
Medical imaging assessment. Postoperative radiographs
were obtained immediately and then at weekly intervals
to quantify the periosteal callus formation. At each time-
point, one lateral radiograph was obtained to visualize
the anterior, posterior, and lateral cortices without ob-
struction by the external fixator. All the rats were euth-
anized at eight weeks after the surgical operation. After
the femora were excised, the surrounding soft-tissue, K-
wires, and fixator were removed without disturbing the
callus around the fracture site. The fractured femora were
scanned by micro-CT (SKYSCAN 1076; Bruker, Belgium).
The callus volume (CV) was characterized using CTANn
software (Bruker), and the new bone formation evident in
the 3D structure was reconstructed with CTVol software
(Bruker). A region of interest (ROI) was created encom-
passing the 2 mm osteotomy site, and any remaining
cortical bone was removed from the region. The lateral
borders of the ROl were defined by visible mineraliza-
tion on the outermost boundary of the callus. The gray
threshold range used for CT densitometry analysis was
60 to 255 (1,409 to 9,240 in Hounsfield Units). The

resolution was set at 17.34 pm/pixel, and the slice thick-
ness was 17.17 um.

Statistical analysis. The range and frequency of micromo-
tion was statistically analyzed by a standard two-tailed
t-test using Origin software (OriginLab, USA). A value of
p < 0.05 was considered statistically significant.

Results
Figures 5a to 5¢ show the consistency of the ranges of R
and f of the micromotion stimulation in micromotional
ranges of a) 0.2 mm, b) 0.3 mm, and c) 0.6 mm. The
number of micromotional cycles was greater than 200
for each group. Each micromotional range showed subtle
differences among the no-load group and loading groups
in the fit clearance between the sliding block and the
driving screw. No statistical significance (p > 0.05) was
noted between the different weight-load conditions (100
g to 500 g) in all three micromotional ranges. Therefore,
a weight loading under 500 g did not affect the recipro-
cating motion of the sliding block per its pre-set micro-
motional parameters.

Figure 5d presents the curve of loading weight versus
displacement of the fixator in compressive test. The blue
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Postoperative lateral radiographs of the five groups (0 to 40% applied strain) obtained immediately and then at weekly intervals for eight weeks to observe
periosteal callus formation. The sizes of the formed calluses were much larger in the 10% and 20% applied strain groups than in the 0% and 30% applied

strain groups. A nonunion can be observed in the 40% applied strain group.

dot and the green dot show two loading conditions
representing the rat’s normal ambulation (25% body
weight) and the rat standing on its hind limbs (50% body
weight). The axial load of the femur in rats can be up to
seven times the body weight,?? which has been indicated
by a red dot. The displacement of the fixator has been
converted into a strain for a 2 mm fracture gap on the
right-hand scale. The compression results demonstrated
that the fixator provided enough mechanical stability to
the fracture site and that the rat’s normal activity brought
a small amount (< 1% strain) of unexpected micromotion
to the fracture site. Even under the most extreme load,
the fixator can limit unexpected micromotion to about
16% strain, indicating a high stiffness of the fixator.

All five groups of rats tolerated the experimental proce-
dure and were able to walk immediately after the opera-
tion. All retained a stable fixation of the femoral osteotomy
until their euthanization at week 8. Figure 6 presents the
postoperative lateral radiographs of one rat in each group
(0% to 40% applied strain/0 mm to 0.8 mm), obtained
immediately and then at weekly intervals to evaluate

periosteal callus formation. Osteotomy gaps are clearly
visible after the operation in all five groups (Figure 6, row
1). At two weeks, small bony periosteal callus formations
were visible in all groups (Figure 6, row 3). Micromo-
tion was applied daily from weeks 2 to 4 in the 10% to
40% groups (Figure 6, rows 4 and 5) for 30 minutes per
day. The bridging of the periosteal callus was apparent
around the fracture ends in all groups, but the unclosed
callus gaps in the micromotional groups (10% to 40%
applied strain) were more conspicuous than in the non-
applied group (0% strain). At the end of week 8 (Figure 6,
row 9), the bridging of the periosteal callus was complete
around the fracture ends in the 0% to 30% applied strain
groups, and the sizes of the formed calluses were much
larger in the 10% and 20% applied strain groups than in
the 0% and 30% applied strain groups. A nonunion can
be observed in the 40% applied strain group.

Micro-CT analysis of the obtained femora suggested
that the application of micromotion had a signifi-
cant impact on repair and that the applied range of
micromotion was a critical factor in callus formation.
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A comparison of sectional views of the fracture site by micro-CT reconstruction among the five groups (0% to 40% applied strain) after sacrifice at eight
weeks after surgery. The callus volumes were significantly greater in the 10% and 20% applied groups than in the 0% and 30% applied groups. A nonunion

can be observed in the 40% applied strain group. HU, Hounsfield Unit.

Figure 7 compares sectional views of the fracture sites
by micro-CT reconstruction among the five groups (0%
to 40% applied strain) after their euthanization at eight
weeks post-surgery. The newly generated CV was greater
in the 10% strain group than in the other groups. The
10% applied strain group showed about 60% greater
mean CV (28.91 mm? (SD 3.91)) than the 0% applied
strain group (18.12 mm? (SD 4.51)), whereas the mean
CV of the remaining groups decreased from 22.16 mm?
(SD 11.0) (20% applied strain group) and 13.85 mm? (SD
12.06) (30% applied strain group) to 3.75 mm? (SD 6.50)
(40% applied strain group) with increasing strain. One rat
in the 30% group and two rats in the 40% group expe-
rienced nonunion. The CVs of these rats were calculated
as zero. Considering the smaller number of samples, no
further statistical calculations are given.

Discussion

In this study, the effectiveness of a modularized external
fixator was validated under different weight-loading
conditions by a load-simulated facility. The uncon-
trolled micromotion caused by animal activity was esti-
mated by another loading test. The feasibility of using
a micromotional fixator and the chosen experimental
method were verified with a rat femur fracture model,
the preliminary validation of which indicates its reli-
ability and reproducibility in investigations of the effect
of applied micromotion on bone healing.

The design of an external fixator for animal experi-
ments to ascertain the effective parameters of applied
micromotion to promote fracture healing is a substan-
tial engineering challenge.* The micromotional fixator
is supposed to simultaneously meet the following
requirements: 1) the fixator should provide sufficient
rigidity and stability to the fracture site for healing;"®
2) the size and weight of the micromotional fixator

should fit the experimental animal’s body type to
reduce their burden;"'” 3) the electronic controller
should be programmable to ensure the controllability
of the applied micromotion with adjustable param-
eters;? and 4) the measuring module should monitor
the actual displacement of the movable part and make
necessary compensation for the error between the
measured value and the set value through fine-tuning
parameters.'?

The main body of the micromotional fixator shown
in Figure 1a is an electronic linear servo motor actuator,
which only allows the sliding block to move along one
axis. To reduce the weight of the fixator, aluminium
alloy was selected as the material providing the major
support of the fixator as it has favourable specific stiff-
ness and specific strength.”® Considering the demand
for abrasive resistance, the sliding block of the fixator
was made of brass,?® and the contact surface was
covered with Vaseline lubricant. Once each micromo-
tion application had ended as planned, the stepping
motor was dismantled from the coupling to reduce the
burden on the experimental animals. The weight of the
external fixator (excluding the motor and coupling) was
less than 15 g, which had no harmful effects on the daily
activity of the rats.'®2

The performance of the micromotional fixator
was verified by establishing a load-simulated facility
(Figures 2a and 2b) to mimic the stress state of the
fixator on experimental animals by tying hook weights
of varying weights onto the sliding block. The verifica-
tion results (Figures 5a to 5¢) showed that the effect
of weight-loading was negligible on the operation of
the micromotional fixator. In addition, as a determined
value for each fixator, the fit clearance between the
sliding block and driving screw was eliminated by the
parameter settings in our further experiments.
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The random, unexpected motion caused by animal
ambulation or other daily activity is a common system
error that was predicted by a compressive test.’® In
the compressive test, the effect of two usual postures
— standing still on four feet and standing on the hind
limbs — has been of particular concern. The mechan-
ical test results showed that the fixator had enough
rigidity to protect the fracture site from the interference
of unexpected motion. This study omitted the bending
test and the torsion test because the compressive test is
a standard method of evaluating stiffness for the design
and characterization of external fixators.?* The specially
designed structure furnished our experimental fixator
with more stability on bending and torsion than on
compression.

In our in vivo animal test, all the rats with femoral
defects fixed by our specially designed external fixator
could walk normally after surgery and after micromo-
tion application. This indicated that the installation of
our external fixator and the micromotion it provided
were feasible and safe for the rats. The radiographs
and micro-CT results (Figures 6 and 7) showed that
the volumes and morphologies of calluses were deter-
mined by the applied range of micromotion. Our
limited animal samples showed that when the applied
micromotion was at 10% and 20% strain levels, the
fracture healing was improved, compared to the non-
application group. In contrast, an applied micromotion
that exceeded 30% strain resulted in delayed union
and nonunion. Some previous studies on large animal
models, like sheep and rabbits,' speculated that an
effective micromotional range exists for bone healing
acceleration, which is consistent with our preliminary
in vivo data. However, the specific strain range remains
unclear and requires further investigation.* Our in vitro
and in vivo results confirmed that the modularized
external fixator can provide enough stability to a frac-
ture site, and with little interference to the experimental
animal, to generate accurate micromotion to the frac-
ture gap. Therefore, our device has strong potential
for use in small animals to further explore the optimal
strain to accelerate fracture healing.

This study has one notable limitation: we simplified
the experiment by only allowing the compression test
to estimate the micromotion linearly. This study did not
consider the bending and torsion caused by the rat’s
activities, so unexpected micromotion at the fracture
site could mean that the value is higher than 1% strain
when the rat is involved in intensive activities. Further
animal tests are needed to further quantify the influence
of motions in other directions. Another limitation of the
study was the small number of animals used. However,
the experimental results obtained from 15 rats show
that the experimental method and device are effective
and that micromotional parameters can affect fracture
healing. The effect of micromotional parameters on
fracture healing must be investigated in a follow-up
experiment with a larger sample size.

Supplementary material

E ARRIVE checklist.
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