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Abstract: Objectives: To investigate the effects of physiologically relevant continuous axial stress on tibial fracture 
healing in canines using a custom external fixator. Methods: A custom external fixator was developed to apply quan-
tifiable stress. First, maximum axial stress derived from muscle contraction was measured using a film sensor. Sub-
sequently, canine tibial fracture models were established and assigned to non-stress, half-maximum stress, or maxi-
mum stress groups. Healing was evaluated via radiography, micro-computed tomography (Micro-CT), biomechanical 
testing, Western Blot, and Real-time Polymerase Chain Reaction (PCR). Results: The maximum physiological axial 
stress was measured at 460 g. Compared with maximum stress and non-stress groups, the half-maximum stress 
group exhibited superior fracture healing, evidenced by increased callus formation and bone volume ratio (BV/TV) 
in X-ray and micro-CT analyses. Biomechanical testing demonstrated significantly higher ultimate strength in the 
half-maximum group. Molecular analyses further supported these observations, showing sustained upregulation 
of Runt-related transcription factor 2 (RUNX2) and Type I Collagen (COL-1) expression in the half-maximum group. 
Conclusions: Muscle contraction generates a maximum axial stress of approximately 460 g at canine tibial fracture 
sites. Continuous application of half the maximum axial stress significantly enhances fracture healing compared to 
both maximum stress and non-stress conditions.
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Introduction

Each year, approximately 16 million fractures 
occur in the United States [1], and non-union 
occurs in approximately 2% of these cases [2]. 
This number can reach 20% when it comes to 
diaphyseal fractures [3]. Non-union represents 
a chronic medical condition not only causing 
long-term pain and function loss but also poten-
tially brings psychological and economic dis-
tress upon the individual [4]. Combining esti-
mated medical expenses with loss of potential 
earnings, the financial implications can reach 
£79,000 per non-union case [3, 5]. More impor-
tantly, non-union leads to chronic pain and loss 
of limb function, often causing muscle atrophy 
and joint stiffness. Therefore, it is necessary to 
find an effective method to prevent non-union 
and promote fracture healing.

Fracture healing is a distinctive process lead- 
ing to bone regeneration, which contains four 

phases: fracture hematoma and inflammatory 
response; cartilage formation; cartilage remov-
al, calcification; and finally chronic bone remod-
eling [6]. Both mechanical environment and  
biological environment are critical for fracture 
healing [7, 8]. As recently as four decades ago, 
Wolff pointed out that bone function and struc-
ture can be influenced by mechanical stress 
stimulation [9]. Specifically, axial interfragmen-
tary movement has been identified as a potent 
stimulator of secondary bone healing, promot-
ing cartilaginous callus formation and subse-
quent ossification [10]. Lack of mechanical 
stress can lead to the degeneration of bone 
microstructure and occurrence of bone loss 
[11]. Prolonged bed rest, lack of exercise and 
weightlessness in space are typical situations 
in the absence of mechanical stress and can 
lead to osteoporosis [11, 12]. Conversely, be- 
haviors such as exercise can improve mecha- 
nical load and reverse these negative effects 
and restore bone mass [13].
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Clinically, treatment options for tibial fractures 
primarily include intramedullary nailing, plate 
osteosynthesis, and external fixation [14]. Whi- 
le rigid internal fixation provides mechanical 
stability, it may lead to “stress shielding”, where 
the implant bears the load and deprives the 
bone of necessary mechanical stimulation, po- 
tentially delaying healing [15]. Cast fixation is 
currently the most common conservative treat-
ment for fracture. However, protracted immo-
bilisation in a cast brings stiffness and inconve-
nience, while the lack of stress on the broken 
end delays healing [16]. In China, there is a tra-
ditional way of conservatively treating fracture 
named splint fixation. On the one hand, splint 
fixation leads to a stabilization of the fracture 
end, which has previously been demonstrated 
by biomechanics [17]. On the other hand, 
patients can perform functional exercise with 
external fixation from a splint. Exercise brings 
axial stress through muscle contraction. How- 
ever, the efficacy of such dynamic loading 
depends heavily on stress magnitude. While 
previous studies suggest that axial micromo-
tion enhances callus formation [18], excessive 
motion can cause instability, whereas insuffi-
cient motion fails to stimulate osteogenesis. 
The concrete numerical magnitude of axial 
stress has not been researched. Our study was 
designed for a preliminary investigation of axial 
stress.

In our studies, we designed a novel canine-spe-
cific external fixator based on hindlimb anato-
my. This custom device integrates three key 
functions: (1) maintaining anatomical reduc-
tion, (2) applying quantifiable continuous axial 
stress, and (3) real-time stress monitoring. 
Prior to main experiments, we first determined 
the maximum axial stress at fracture sites 
derived from muscle contraction through pre-
experimentation. Using the measurements, we 
established three experimental groups: non-
stress group, half the maximum axial stress 
group, the maximum axial stress group. Fra- 
cture healing progression was comprehensively 
assessed through micro-computed tomogra-
phy (μCT), biomechanical testing, and other 
measures at predetermined timepoints. This 
investigation specifically aimed to address two 
critical questions: first, whether physiologically-
relevant axial stress derived from simulated 
muscle contraction enhances fracture healing; 
and second, which specific axial stress magni-
tude optimally promotes fracture healing.

Materials and methods

Experimental animals

All experiments involving animals followed in- 
ternational regulations for the care and use of 
laboratory animals and were approved by the 
Animal Care and Use Committee of Nanjing 
University of Chinese Medicine (Approval No. 
AUC221103). A total of 17 adult male beagle 
dogs, weighing 10 kg-15 kg, were obtained 
from Taisite Biotechnology Co., Ltd. (China) 
under the animal production license number 
SCYK (Su) 2021-0010. Hind limb bone and jo- 
int diseases were ruled out by stifle and hip 
radiographs.

Prior to the experiment, all animals were allow- 
ed a 3-day acclimatization period. They were 
housed in individual ventilated cages under 
controlled environmental conditions, with a 
temperature of 23±3°C, a relative humidity of 
40%-70%, and a standard 12-h light/12-h dark 
cycle. Throughout the study, the animals had a 
free access to standard diet and water.

External fixator design and construction

The external fixators were formed by resins  
and stainless steel (Figure 1A). Both sides of 
fixators were fixing clamps and fixing blocks, 
they had a few holes where K-wires could go 
through. K-wires could be fixed to external fix-
ators by locking the fixing screw simultaneous-
ly. Fixing clamps were connected with a pres-
sure sensor via a tie rod. There were also a nut 
and a spring on the rod (Figure 1B). By rotating 
the nut, the spring could be compressed and 
apply stress to fracture end. The stress signals 
received by the sensor on the rod could be read 
out using a supporting data display (Figure 1C).

Transverse tibial fracture model construction

Experimental animals were anesthetized with 3 
mg/kg of pentobarbital and all the modeling 
procedures were operated by three research-
ers with orthopedic surgery background. In 
brief, through the medial approach, the skin 
and subcutaneous tissue of left middle tibia 
was cut layer-by-layer to expose the middle 
tibia. Based on the location of the external fix-
ator holes, three K-wires (60 mm length, 1.5 
mm gauge) were introduced perpendicular to 
the long axis of the tibia at the proximal and 
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distal end of fracture site. Then under continu-
ous saline irrigation, a 2 mm oscillating micro 
saw (provided by Waston Medical Appliance, 
China) was used to make a transverse frac- 
ture of the middle tibia. An X-ray radiograph  
was performed to ensure the modeling suc-
cess. To eliminate uncontrolled physiological 
axial stress generated by the triceps surae 
muscle group, a standard Achilles tenotomy 
was performed. By severing the tendon, the 
mechanical transmission of muscle contrac-
tion forces to the calcaneus was disrupted, 
thereby minimizing intrinsic axial loading on  
the tibial shaft. This procedure, combined with 
the use of the suspension wheelchair, ensured 
that the mechanical environment at the frac-
ture site was determined solely by the external 
fixator. To assure the consistency of the results, 
the length of K-wires was kept equal on both 
tibial sides. Meanwhile, a distance of 4 cm was 
kept between two external fixators when they 
were attached to K-wires. Suture incision oc- 
curred layer-by-layer. The right tibia was treat- 
ed with the same method. Following the opera-
tion, 300,000 units penicillin were injected for 
3 consecutive days to prevent infection.

Axial stress assay of fracture end

Axial stress assay of fracture end prior to the 
main fracture healing experiment, 2 canines 
were randomly selected specifically for a pre-
liminary study to measure the physiological 
axial stress at the fracture end. A total of 3 tib-
ias from these two animals were used for sen-
sor implantation and the assay was repeated 
three times (one canine underwent bilateral 
testing, and the other underwent unilateral 
testing). Fracture modeling was carried out 
using the same method as described above 
and the Achilles tendon was preserved. A film 
stress sensor (Leanstar Electronic Technology, 
China) was inserted into fracture gap. In order 
to determine the position of sensor, a 2 mm 
thick sterile iron sheet was attached to the sen-
sor with silk suture. After confirming the posi-
tion of sensor with fluoroscopy, the Canines 
were placed belly down on a suspended bed 
with four legs hanging free and feet off the 
ground. After awakening from anesthesia and 
removing the springs on the external fixators, 
the Canines were allowed to be active for 24 h 
and stress data were recorded by the sensor at 

Figure 1. Custom external fixator and data display. A. Overall appearance of custom external fixator. B. Internal 
structure of custom external fixator. C. Internal structure of data display.
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2-min intervals. The average of the three maxi-
ma was taken as the maximum axial stress.

The relationship between axial stress and 
readings of external fixators

Considering that the K-wires could become 
curved while external fixators applied axial 
stress, readings of external fixators were higher 
than actual axial stress. We conducted a pre-
experiment to test the relationship between 
axial stress and readings of external fixators. 
The result showed that a linear correlation was 
observed between the readings of external fix-
ators and the axial stress at fracture ends with-
in a certain range [19]. We maintained the 
readings of the two external fixators on both 
sides equally and rotated the nut according to 
the pre-experiment results until readings of 
external fixators were acquired.

Grouping of animals

The grouping rationale was based on the maxi-
mum physiological axial stress (460 g) deter-
mined in our pre-experiment. To identify the 
optimal mechanical environment for fracture 
healing, we established a stress gradient rela-
tive to this physiological limit: (1) Non-stress 
group (Group A, 0 g), serving as a baseline con-
trol established by casting and Achilles tenoto-
my; (2) Half-maximum axial stress group (Group 
B, 230 g), representing a moderate loading 
condition; and (3) Maximum axial stress group 
(Group C, 460 g), simulating the full physiologi-
cal load. 

Following 3 days of adaptive feeding, fracture 
modeling commenced (Day 0). A total of 15 
canines were assigned to these conditions. 
Specifically, 6 canines were assigned to the 
Non-stress type (Type IV), where fractures were 
stabilized by plaster casts (Xiemin Medical 
Surgical Dressing Factory, China) with knee  
and ankle fixation. The remaining 9 canines 
underwent external fixation with different con-
tinuous axial stress configurations: Type I 
applied maximum stress to both tibias (n=3); 
Type II applied half-maximum stress to both  
tibias (n=3); and Type III applied maximum 
stress to the left tibia and half-maximum  
stress to the right tibia (n=3). All animals  
were placed in custom 3D-printed wheel- 
chairs (Patent No. 202222052214.6) to pre-
vent weight-bearing while allowing forelimb 

mobility. At predetermined time points (2, 4, 
and 8 weeks), animals were euthanized for 
sample collection. Euthanasia was performed 
by a lethal intravenous overdose of propofol  
(1 g/kg) administered via the cephalic vein of 
the forelimb. Bilateral tibias were harvested. 
Considering that canine hyperactivity could 
cause fracture displacement under cast im- 
mobilization, 3 samples with optimal align- 
ment were selected from the total 4 samples 
available in the Non-stress group at each time 
point.

X-ray examinations

X-ray examination was performed using a stan-
dard clinical digital system (R-30H, Shimadzu, 
Tokyo, Japan). The X-ray tube was set at 40 kV, 
10 mA, 0.06 s and the distance of the X-ray 
tube to fracture samples was 40 cm. The bone 
healing was assessed according to the Lane-
Sandhu X-ray scoring standard (Table 1) [20]. 
The average scores given by two attending 
orthopaedic surgeons with more than 8 years 
clinical experience was considered as the final 
score.

Micro-CT scans

Fracture samples were analyzed by micro-CT 
(Hiscan XM micro-CT, Hiscan Information Te- 
chnology, China). Scans were acquired using 
the following: 80 kV, 100 μA, 50 ms integration 
time and scanning resolution was 25 µm. Image 
processing and data evaluation were perfor- 
med using software self-developed by Hiscan. 
Volumes of interest (VOIs) were determined for 
Micro-CT analysis and covered the whole frac-
ture callus. The relative bone volume (bone  
volume/total volume, BV/TV), trabecular bone 
thickness (Tb. Th), the amount of trabecular 
bone (Tb. N) and trabecular bone separation 
(Tb. Sp) of fracture samples were detected.

Biomechanical testing

Tibias of canines sacrificed were subjected to a 
3-point-bending test using a materials testing 
machine (HZ-1009B, Dongguan Lixian Instru- 
ment Technology, Dongguan, China) as pub-
lished before [21]. The span between the two 
lower supports was 10 cm and a 1-mm-thick 
blade was implemented on the top surface of 
callus tissue (Figure 2). The load was applied  
at a speed of 2 mm/min until the fracture sam-
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ple was brought to ultimate failure. Ultimate 
strength was calculated at the maximum load 
before failure.

Real-time PCR

Total RNA from callus was extracted by using 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions, 
and was synthesized to cDNA by reverse tran-
scription (cDNA synthesis kit, TaKaRa, Tokyo, 
Japan). Power SYBR Green PCR Master Mix 
(Applied Biosystems, Foster City, CA, USA) was 
used for real-time PCR. The mRNA levels of 
RUNX2 and COL-1 were analyzed using primer 
sequences listed in Table 2. Real-time PCR was 
performed using Premix Ex Taq SYBR-Green 
PCR (TaKaRa Biotechnology, Tokyo, Japan) ac- 
cording to the manufacturer’s instructions on 
an ABI PRISM 7300 (Applied Biosystems, 
Foster City, CA, USA). The mRNA level of indi-
vidual genes was normalized to GAPDH and  
calculated by the 2-ΔΔCT data analysis method.

Table 1. Lane-Sandhu X-ray scoring standard
Variable Indicators Score
Bone formation No bone formation 0

New bone formation accounts for less than 25% 1
New bone formation accounts for 25%-50% 2
New bone formation accounts for 50%-75% 3
New bone formation accounts for more than 75% 4

Bone union Fracture line is clear 0
Fracture line is blurred 2
Fracture line is obliterated 4

Medullary cavity remodeling No remodeling 0
Medullary cavity partial remodeling 2
Cortical bone formation after medullary cavity remodeling 4

Figure 2. Biomechanical testing.

Western blotting

Total proteins were obtained by adding RIPA 
lysate, and the protein concentration were 
measured in accordance with the instructions 
for the preparation of the BSA standard curve. 
According to the determination of protein con-
centration and the volume of the sample, elec-
trophoresis and membrane transfer were per-
formed with BSA. The corresponding primary 
antibody (1:1,000) was added, followed by 
incubation with secondary antibody and the 
protein was quantified.

Statistical analysis

Statistical analyses were performed using 
SPSS 23.0 software (IBM, Armonk, NY, USA). 
Data are presented as mean ± standard devia-
tion (SD). The normality of the data distribution 
was verified using the Shapiro-Wilk test. For 
comparisons among the three experimental 
groups (Non-stress, Half-maximum stress, and 
Maximum stress), One-way Analysis of Variance 
(ANOVA) was employed. When the ANOVA in- 
dicated significant differences, Fisher’s Least 
Significant Difference (LSD) post hoc test was 
used for pairwise comparisons. A p-value < 
0.05 was considered statistically.

Results

The axial stress within 24 h

The progress of fracture modeling is shown in 
Figure 3A and 3B. Successful establishment of 
the canine model of tibial fracture was con-
firmed by using X-ray (Figure 3C, 3D). The film 
stress sensor was inserted into fracture gap 
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with the reading zeroed and location was iden-
tified by X-ray (Figure 3E, 3F). The maximum 
axial stress data of the three tibias within 24 h 
were 426 g, 481 g and 473 g. The average of 
the three maxima was 460 g and this value  
was taken as the maximum axial stress.

The relationship between axial stress and 
readings of external fixators

According to our pre-experimental results [19], 
when the readings of two external fixators are 
both about 1,300 g, the continuous axial stress 
at the fracture end could reach the maximum 
value = 460 g (Figure 4A). By the same reason-
ing, when the readings are both about 750 g, 
external fixators can apply half the maximum 
axial stress to the fracture end (Figure 4B). So 
we adjusted the readings of the external fix-
ators to the ideal value, placed the canines in 
our 3D printed wheelchairs, and proceeded 
with the subsequent experiments (Figure 4C). 

X-ray evaluation and lane-Sandhu scoring

X-ray at all 3 time-points revealed that the  
alignment of transverse fracture was good. Two 
weeks following the operation, the fracture gap 
was noticeable and the callus was not easily 
observed in all three groups. At 4 weeks, a wide 
variety of callus was visible around the broken 
end and the fracture gap became narrowed 
among the maximum axial stress group and 
half the maximum axial stress group. In con-
trast, there was still no clear sign of new bone 
tissue regeneration in the non-stress group 
(Figure 5A). When it came to 8 weeks, the cal-
lus size in all groups was significant, and there 
was a more evident increase in callus forma-
tion in group B and group C compared to group 
A (Figure 5B).

Lane-Sandhu radiographic scoring results are 
shown in Table 3. There was no prominent bone 
formation at 2 weeks and all groups scored  
0. However, at 4 weeks and 8 weeks, group A 
had the lowest score compared to the other 2 
groups (P<0.05). Meanwhile, there was a cer-

sional reconstructions to evaluate tibial geom-
etry and fracture healing crudely. After 2 weeks, 
only a trace amount of bone tissue could be 
observed around the broken end and was in- 
visible inside the defect in all three groups. 
Four weeks post-operation, an increase in 
newly formed bone could be found in all three 
groups. At 8 weeks, the fracture line became 
relatively blurred. Meanwhile, in the maximum 
axial stress group and half the maximum axial 
stress group, the trabecular bones were thicker 
and denser, with better continuity (Figure 6). 
Then we performed a more nuanced analysis 
on the quantity of newly formed bone. Com- 
pared with group B and group C, the non-stress 
group had the lowest BV/TV at 4 and 8 weeks, 
as well as the highest Tb. The same was true at 
8 weeks. Further, at 4 weeks, the half the maxi-
mum axial stress group still had the highest 
BV/TV compared with other groups, and this 
difference was statistically significant (P<0.05). 
These results showed some numerical differ-
ences, but they are not statistically significant 
(P>0.05) (Table 4).

Biomechanical testing results

The results of three-point bending test (biome-
chanical testing) of the tibia are shown in Table 
5. At 2 weeks, there were no significant signs of 
healing and sufficient mechanical stability at 
the fracture end in any of the groups, so we 
skipped the testing. At 4 and 8 weeks, statisti-
cally significantly highest forces were obtained 
in half the maximum axial stress group com-
pared to two other groups. At the same time, 
the maximum axial stress group also had high-
er forces than the non-stress group, although it 
did not reach half the maximum axial stress 
group.

Western blot and real time PCR

Western Blot and Real time PCR were used to 
detect RUNX2, COL-1 protein and gene expres-
sion in fracture callus tissues at 2, 4 and 8 

Table 2. Nucleotide sequences of primers used for Real-time PCR 
amplification
Target gene Forward primer Reverse primer
RUNX2 ATGGCACGACACCACGAC TCATCTGGCTCAGATAGGAGGA
COL-1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
GAPDH TCAACAGCAACTCCCACTCTT TTGAGGGTGCAGCGAACTT

tain gap between group B  
and group C, albeit without 
being statistically significant 
(P>0.05).

Micro-CT results

Following micro-CT scanning, 
we first created three dimen-
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weeks post-fracture. The results revealed that 
the half maximum axial stress group consis-
tently exhibited the highest levels of RUNX2 
and COL-1 protein and gene expression at all 
time points. The maximum axial stress group 
demonstrated intermediate levels of RUNX2 

and COL-1 expression, suggesting that while 
mechanical stimulation promotes osteogene-
sis, excessive loading may not further enhance 
the expression of these markers and could 
potentially impede the healing process. In con-
trast, the non-stress group consistently dis-

Figure 3. Fracture modeling and stress measurement. A, B. Progress of fracture modeling. C, D. Verify the success 
of the fracture model by X-ray. E. Film stress sensor with reading zeroed. F. X-ray showed satisfactory location of film 
stress sensor.

Figure 4. The method of applying continuous axial stress. A. The readings were adjusted to 1,300 g and the exter-
nal fixators applied the maximum axial stress to the fracture end. B. The readings were adjusted to 750 g and the 
external fixators applied the half maximum axial stress to the fracture end. C. The use of 3D printed wheelchair.
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Table 3. Lane-Sandhu scoring results
Group 2 weeks 4 weeks 8 weeks
Non-stress group 0 0.3±0.6 2.3±0.6
Half maximum axial stress group 0 0.8±0.4* 3.3±0.5*

Maximum axial stress group 0 0.6±0.6* 3.2±0.6*

*P<0.05 vs. Non-stress groups. Data are presented as mean ± SD. Statistical 
significance was determined using One-way ANOVA followed by LSD post hoc test.

Figure 6. Three dimensional reconstructions image of fracture healing at 
8 weeks.

played the lowest levels of 
RUNX2 and COL-1 expression 
(Figure 7A-C).

Discussion

Axial stress stimulation is the 
most frequent and common 
factor affecting long bone fra- 
cture healing. It contains sev-
eral parameters: magnitude of 
the stress, frequency of the 
stress and intervention time. 
In recent years, there have 
been many studies on the 
effects of mechanical stress 
on fracture healing, but most 
have focused on intermittent 
stress and have some limita-
tions. Leung [22] applied high-
frequency (10-30 Hz) and low-
intensity (amplitude of 0.3 g 
gravitational acceleration) in- 
termittent stress which can ef- 
fectively accelerate callus for-
mation, thereby promoting fra- 
cture healing. However, there 
is currently no clear conclu- 
sion regarding the specific 
effects of different combina-
tions of stress magnitude and 
frequency on fracture healing. 
Goodship [23] applied regular 
periodic passive stimulation to 
the fracture end of experimen-
tal animals using external fixa-
tion. However, after surgery, 
the animals immediately be- 
gan weight-bearing walking. 
This experimental design led 
to a significant discrepancy 
between the actual stress 
experienced at the fracture 
site and the preset values, 
thereby affecting the accuracy 
of the experimental results. As 
a whole, this approach cannot 
necessarily be accepted by 
patients and is difficult and 
complex to move from labora-
tory to clinic.

In our experiment, we first us- 
ed a film stress sensor to mea-

Figure 5. X-ray images of fracture healing. A. Representative X-ray images 
of 3 groups at 4 weeks. B. Representative X-ray images of 3 groups at 8 
weeks.
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sure the maximum axial stress of the canine 
tibia derived from muscle contraction at app- 
roximately 460 g, a result that has not been 
reported in previous studies. Then we applied 
different levels of continuous axial stress to the 
fracture end through our custom external fix-
ator. Combining the results of experiments in 
radiological and biomechanical results at dif-
ferent time points, half the maximum axial 
stress group had the best outcome of fracture 
healing. This finding aligns with the “optimal 
strain theory” supported by recent studies. For 
instance, Lv [24] demonstrated that optimiz- 
ing the fixation stiffness to allow for moderate 
interfragmentary motion significantly enhanc- 
es cartilage-to-bone transformation. Similarly, 
increasing evidence suggests that moderate 
mechanical loading creates a favorable immune 

cellular matrix protein in bone, was also mark-
edly elevated in this group, indicating enhanced 
osteogenic activity and matrix formation [26]. 
In contrast, the non-stress group consistently 
showed the lowest levels of RUNX2 and COL-1 
expression, underscoring the importance of 
mechanical stimuli in fracture healing. Results 
in the maximal axial stress group were at a 
moderate level, suggesting that while mechani-
cal stimulation promotes osteogenesis, exces-
sive loading may not further enhance the 
expression of these markers and could poten-
tially hinder the healing process. This result is 
consistent with the findings of J. Barcik [27], 
who reported that lower interfragmentary st- 
rains (around 2.5%) maximize the density of 
repair tissue within the fracture gap, whereas 
higher strain magnitudes significantly shift the 

Table 4. Results of BV/TV, TbSp, TbTh and TbN in the region of interest

Group
BV/TV

2 weeks 4 weeks 8 weeks
Non-stress group 0.103±0.063 0.131±0.053 0.165±0.043
Half maximum axial stress group 0.226±0.074 0.408±0.052* 0.490±0.078*

Maximum axial stress group 0.211±0.064 0.263±0.008*,# 0.379±0.076*

Group
Tb.Th (mm)

2 weeks 4 weeks 8 weeks
Non-stress group 0.209±0.016 0.240±0.072 0.331±0.102
Half maximum axial stress group 0.385±0.217 0.367±0.044 0.561±0.036*

Maximum axial stress group 0.328±0.033 0.346±0.025 0.500±0.133

Group
Tb.N (1/mm)

2 weeks 4 weeks 8 weeks
Non-stress group 0.659±0.097 0.537±0.238 0.810±0.302
Half maximum axial stress group 0.750±0.062 0.767±0.165 1.054±0.123
Maximum axial stress group 0.633±0.222 0.578±0.151 0.908±0.402

Group
Tb.Sp (mm)

2 weeks 4 weeks 8 weeks
Non-stress group 1.192±0.115 1.781±0.187 1.779±0.233
Half maximum axial stress group 1.099±0.175 0.787±0.260* 0.748±0.105*

Maximum axial stress group 1.312±0.279 1.431±0.493 0.893±0.390*

*P<0.05 vs. Non-stress group; #P<0.05 vs. Half maximum axial stress group. Data are presented as mean ± SD. Statistical 
significance was determined using One-way ANOVA followed by LSD post hoc test.

Table 5. Three-point bending test results
Group 4 weeks 8 weeks
Non-stress group 173±51.11 305±183.35
Half maximum axial stress group 543±123.27* 893±390.69*

Maximum axial stress group 377±144.01*,# 506±236.36*,#

*P<0.05 vs. Non-stress group; #P<0.05 vs. Half maximum axial stress group. Data 
are presented as mean ± SD. Statistical significance was determined using One-
way ANOVA followed by LSD post hoc test.

microenvironment for osteo-
genesis. Molecular biology stu- 
dies also show similar affects. 
RUNX2, a transcription factor 
essential for osteoblast differ-
entiation [25], showed a signi- 
ficant upregulation in the half 
maximal axial stress group 
compared to the other groups. 
Similarly, COL-1, a major extra-
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healing response toward external periosteal 
callus formation. This was also in line with the 
results of other studies [28].

Our study identifies several limitations in exist-
ing research methodologies and proposes cor-
responding optimizations. Firstly, our custom 
external fixator used in the experimental pro-
cess demonstrates several advantages: (1) 
Specifically designed for animal fracture mod-
els, it enables real-time monitoring and adjust-

ment of fracture end stress. The digital display 
of fracture end stress allows for immediate and 
objective assessment of pressure changes, 
with simple adjustment mechanisms through 
rotating nuts, providing a convenient and reli-
able experimental apparatus for animal stud-
ies. (2) The display unit is powered by recharge-
able batteries, eliminating the need for external 
power cords. It can be connected to the mea-
surement device via a data cable and attached 
to the experimental animal, facilitating experi-

Figure 7. Osteogenesis-related proteins and mRNA expression of 3 groups. A. Typical protein bands and relative 
gene expression of RUNX2 and COL-1 at 2 weeks. B. Typical protein bands and relative gene expression of RUNX2 
and COL-1 at 4 weeks. C. Typical protein bands and relative gene expression of RUNX2 and COL-1 at 8 weeks. 
*P<0.05 vs. half maximum axial stress group; **P<0.01 vs. half maximum axial stress group; ***P<0.001 vs. half 
maximum axial stress group; ****P<0.0001 vs. half maximum axial stress group.
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mental procedures. (3) The compact and light-
weight design of our custom external fixator 
minimizes interference with canine daily activi-
ties. (4) The simplified fixation mechanism of 
our device reduces modeling time, decreases 
operational difficulty, and minimizes harm to 
experimental animals. (5) Beyond canine app- 
lications, this device is adaptable for research 
on other similarly sized animals, such as rab-
bits, goats, and rats. Meanwhile, our study im- 
plements measures to avoid additional stress 
interference. These include placing dogs in 3D 
printed wheelchairs and performing Achilles 
tendon resection to eliminate the animal’s in- 
trinsic stress. These approaches effectively 
minimize additional stress on the fracture site 
caused by self-loading, thereby reducing expe- 
rimental errors to the greatest extent possible.

However, our custom external fixator also pres-
ents several limitations during application: (1) 
The device requires fixation using three K-wires 
that penetrate the bone shaft. The prolonged 
presence of these K-wires in vivo poses a risk 
of infection. To mitigate this issue, we imple-
mented daily wound dressing changes and 
alcohol application at the pin insertion sites, 
which proved to be somewhat effective in pre-
venting infections. (2) The device is susceptible 
to damage during experimental procedures. 
Nevertheless, its easy replacement and con- 
venient data adjustment features allow for 
prompt troubleshooting and maintenance. (3) 
Regarding the plaster cast group, in addition to 
the Achilles tendon resection, the transarticu-
lar plaster fixation was employed to prevent 
joint movement-induced stress. However, pro-
longed plaster fixation cannot completely elimi-
nate stress at the fracture gap, representing  
an area that requires improvement in the ex- 
perimental design.

Conclusion

Our study unveils that muscle contraction gen-
erates maximum axial stress of 460 g at canine 
tibial fracture sites. Our findings demonstrate 
that continuous half maximum axial stress 
(230 g) significantly enhances fracture healing 
compared to both the maximum axial stress 
and non-stress conditions. This provides valu-
able inspiration for our further investigation 
into splint fixation.
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