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Abstract

Background: Detecting bone union is crucial in treating bone fractures to prevent complications, including
implant failure and bone nonunion. To date, there are numerous methods and new innovative devices for
detecting bone union via strain measurements, such as strain gauges, fluid level displacement, contrast
media, and frequency changes. Moreover, there is a trend toward increasing these methods in the future.
However, the patterns of bone healing studied with these methods do not provide a standard for determining
the true bone healing process.
Objective: This study aimed to identify the most appropriate bone healing pattern for detecting bone
healing using strain measurements via frequency changes.
Methods: Twenty cadaveric tibial bones were tested for five different bone healing patterns, including
fractures with gap distances, material replacements, and healing from the outer side, inner side, and middle.
Each healing pattern included four cadaveric bones evaluated under various axial loads of 100, 200, 300, and
400 N using an Instron ElectroPuls® E10000. Bone healing assessment employed bone union detection
using a wire’s natural frequency plate to detect the strain change via frequency change.
Results: All bone healing patterns could evaluate bone union by comparing the frequency changes under
axial loads of 100 and 400 N, with a mean difference of 32.4–39.8%. Only the fracture with gap distance and
material replacement could be assessed gradually in each phase of healing (12.3% in gap of 2.5 mm, P < 0.01;
22.4% in gap of 5 mm, P = 0.04; 31.8% in gap of 7.5 mm, P = 0.005; 39.2% in gap of 10 mm, P = 0.004; and 11.0%
in saw bone, P = 0.006; 19.5% in rubber, P < 0.001; 25.8% in foam, P < 0.001; 32.4% in fracture, P < 0.001).
Conclusions: The pattern of bone healing influences the assessment of bone union via the detection of
strain changes. The methods involving gap distance and material replacement are the most suitable
representation of normal bone healing.
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Bone fractures are among the most common
orthopedic conditions.(1-4) Treatment methods include
conservative approaches and surgical fixation, the aim
of which is to achieve bone union. Complications, such
as nonunion and implant failure, can be prevented if
surgeons detect these issues early and initiate timely
treatment.(5) Assessing bone healing is vital during the
fracture treatment process.(6, 7) Most orthopedic
surgeons rely on history taking, physical examinations,
and plain radiographs to evaluate bone healing.
However, there are various other methods available
to assist in this assessment,(8, 9) including ultrasound,(10)

computed tomography scans (CT scans),(11, 12)

magnetic resonance imaging (MRI),(13, 14) nuclear
imaging,(15) and innovative devices designed to detect
strain changes.(16-25)

The concept of assessing bone healing through
detecting changes in strain is illustrated in Figure 1.
When a bone fractures and immediate fixation occurs,
the strain at the center of the plate in the fracture
area is at its maximum during axial loading. As bone
healing progresses, the strain on the plate decreases
until bone union occurs, at which point it is at its
minimum. This suggests that if orthopedic surgeons

can detect changes in the strain of the device, they
can predict the bone healing status.

Many innovative devices have been developed in
the past two decades. Most of them employ strain
changes to assess bone healing via various methods
such as strain gauges,(16) changes in resonance
response frequency (RRF),(17) wavelength,(18)

piezoelectric voltage,(19) telemetry values,(20) tungsten
displacement,(21) contrast media,(22) fluid levels,(23)

force sensor,(24) and the frequency of wire in bone
union detection using a wire’s natural frequency
(BUDWF) plate.(25) The experiments for these
innovations were conducted on humans,(20) animals,(16,

17) cadaveric bone,(22, 25) and sawbones(18, 19, 21, 24)

with various bone healing patterns, including fractures
with gap distances,(16-18, 21, 22, 25) material
replacements,(19, 24) and healing from different sites.

However, the standard for bone healing patterns
required for experiments in these studies has not been
established. This study aimed to define the most
suitable bone healing pattern for detecting healing
through strain measurement. The method utilized in
this study to detect changes in strain is the frequency
change with the BUDWF plate.(25)

Figure 1. The concept of assessing bone healing through detecting changes in strain.
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Materials and methods
Twenty cadaveric tibial bones were tested in this study.
We defined the bone healing pattern as consisting of
five patterns, namely 1) gap distance; 2) material
replacement; 3) healing from the outer side; 4) healing
from the inner side; and 5) healing from the middle.
Each bone healing pattern was subclassified into five
stages to represent the gradual process of bone
healing; for example, the gap distance pattern included
stages for the fracture gap of 10, 7.5, 5, and 2.5 mm,
and the healing stage, as shown in Figure 2. Each
bone healing pattern was tested using four cadaveric
tibial bones under various axial loads of 100, 200, 300,
and 400 N with an Instron ElectroPuls® E10000. In
addition, we used the Bone Healing Assessment,
which employs the BUDWF plate(25) to detect changes
in strain.

Bone healing assessment utilizes the BUDWF
plate(25)

The BUDWF plate was modified from a narrow
dynamic compression plate with 10 holes (dimension
of 167 × 12 × 4 mm, made from 316L stainless steel).
The middle four holes were cut to create a slot. A
316L stainless steel wire with a diameter of 0.3 mm
and a length of 40 mm was attached along the middle
of the slot using a laser welding technique. The wire
was set to a frequency of 2000–3500 Hz to avoid
environmental noise. The sound generator was made
from polyetheretherketone (PEEK) and had a pointed
edge at the bottom that could strike the wire to produce
noise when the top of the sound generator was
pressed. The sound generator was attached to the
plate with two screws. The BUDWF plate is shown
in Figure 3.

Figure 2. Images of the five bone healing patterns, each with five stages: (A) gap distances (gap of 10 mm, 7.5 mm, 5 mm, 2.5
mm, and healing); (B) material replacement (fracture, foam, rubber, sawbone, and healing); (C) healing from the outer side
(fracture, 25.0% healing, 50.0% healing, 75.0% healing, and complete healing); (D) healing from the inner side (fracture,
25.0% healing, 50.0% healing, 75.0% healing, and complete healing); (E) healing from the middle (fracture, 25.0% healing,
50.0% healing, 75.0% healing, and complete healing).

Figure 3. Images of the bone healing assessment utilizes bone union detection using a wire’s natural frequency (BUDWF)
plate: (A) top view; (B) lateral view; (C) bottom view; (D) top view without sound generator.

15



Chula Med JC. Amarase, et al

The concept of the BUDWF plate is that it can
detect changes in strain as well as changes in
frequency, as shown in Figure 1. When a fracture is
treated with immediate fixation, the strain is highest
when axial load is applied, and the tension in the wire
also reaches its peak, thereby resulting in a high
frequency. As the bone heals, the strain on the plate’s
frequency gradually decreases, with a corresponding
decrease in the frequency of the wire until bone union
occurs. At this point, the strain on the plate is minimal,
and the wire’s frequency is at its lowest. Therefore,
if a change in frequency is detected, it indicates a
change in the strain and bone healing.

Experimental setup
Cadaveric tibial bone was cut from the proximal to
the distal shaft. The tibia was placed into the Instron
ElectroPuls® E10000 (a machine for dynamic and
static material tests that can determine the axial load,
time to load, duration, interval, and cycle). A Synco
G1A1 condenser microphone was positioned
approximately 2 cm from the center of sound
generation on the plate. Sound was analyzed using
the Audacity program to measure the frequency. The
experimental setup is illustrated in Figure 4, depicting
the bone healing pattern with material replacement.

In the gap distance, healing from the outer side,
inner side, and middle, tests began with the healing
stage (uncut bone) under various axial loads of 100,
200, 300, and 400 N, applied at a rate of 10 N/s.
Following this, the same test was performed on healing

at 25.0%, 50.0%, 75.0%, and the fracture stage. The
bone diameter was measured, and the bone was cut
in stages at 1 cm intervals. First, 25.0% of the diameter
was removed (bone healing 75.0%), then 50.0% (bone
healing 50.0%), then 75.0% (bone healing 25.0%),
and finally, all remaining bone was cut (bone fracture).
The cuts were made starting from a direction that
depended on the bone healing pattern group. Moreover,
in the material replacement pattern, the test started
with the healing stage. Next, the tibial bone was cut
with a fracture gap of 10 mm and inserted with
material that gradually increased the elastic modulus.
In this study, foam, rubber, and sawbone were used
to represent the bone healing process.(19, 26) For each
loading force, sound was produced 10 times and
recorded using a microphone. The mean frequency
was analyzed using the Audacity program.

After receiving approval from the university’s
Institutional Review Board (IRB No. 0395/65, COE
No. 026/2022), four cadaveric tibial bones were tested
for each bone healing pattern. Each stage of the bone
healing pattern was examined using the same technique
described in the experimental setup.

Statistical analysis
The frequency of the wire was expressed as the mean
value. The frequency change was calculated using
the difference and percentage relative to the frequency
under an axial load of 100 N at each stage of the
bone healing pattern. A paired t-test was used to
analyze the data with IBM SPSS Statistics version 29
software. A P-value < 0.05 was deemed statistically
significant.

Figure 4. Images of the experimental setup for bone healing patterns resulting from material replacement across five stages:
(A) fracture; (B) foam; (C) rubber; (D) sawbone; and (E) heal.
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Results

This study analyzed twenty cadaveric tibial bones with
five bone healing patterns. Each pattern was tested
with four tibial bones. The frequency of each sample

at each stage of bone healing under axial loads of
100, 200, 300, and 400 N, along with the difference in
frequency between the 100 and 400 N axial loads, is
presented in Table 1.

Table 1. Frequency data of cadaveric tibial samples at each stage of the bone healing pattern.
Bone healingSample

Frequency (Hz)Stagepatternno. ∆ 100 N & 400 N
(Hz, %)

400 N300 N200 N100 N
1270, 53.0%3667336828672397gap 10 mmGap distance1.

3495          1005, 40.4%3395gap 7.5 mm 26792490
3325                   891, 36.6%3026gap 5 mm 26982434
2863                   410, 16.7%2781gap 2.5 mm 26932453
2312 -9, -0.4%2316Heal 23152321
3543 1147, 47.9%3347gap 10 mm 28702. 2396Gap distance
3487           970, 38.5%31852517gap 7.5 mm 2700
3214                  833, 35.0%30582381gap 5 mm 2734
2894                  436, 17.7%27982458gap 2.5 mm 2719
2314 -2, -0.1%23112316Heal 2312
3421 747, 27.9%30742674gap 10 mmGap distance 28453.
3128 561, 21.9%28892567gap 7.5 mm 2640
2987 270, 9.9%28762717gap 5 mm 2844
2931 238, 8.7%29052733gap 2.5 mm 2876
2473 1, 0.1%24962472Heal 2466
3464 803, 30.2%30012661Gap distance gap 10 mm 29114.
3306 701, 26.9%28022605gap 7.5 mm 2701
3128 321, 11.4%28842807gap 5 mm 2862
2964 233, 8.5%29202731gap 2.5 mm 2883
2468 21, 0.9%24892447Heal 2451
3563 906, 34.1%31512657Material replacement Fracture 28665.
3282 693, 26.8%30922589Foam 2816
3055 538, 21.4%28872517Rubber 2616
2798 278, 11.0%27472520Saw bone 2693
2481 43, 1.2 %24562438Heal 2447
3582 881, 32.6%32702701Material replacement Fracture 29286.
3263 654, 25.1%31442609Foam 2845
2998 415, 16.1%29022583Rubber 2676
2855 379, 15.3%27452476Saw bone 2579
2481 43, 1.8%24562438Heal 2447
3394 847, 33.3%31302547Material replacement Fracture 27477.
3234 655, 25.4 %30572579Foam 2777
3109 562, 22.1%29552547Rubber 2724
2731 239, 9.6%26622492Saw bone 2616
2377 -89, -3.6%23772466Heal 2401
3381 771, 29.5%31132610Material replacement Fracture 27458.
3194 660, 26.0%30222534Foam 2737
2984 463, 18.4%28482521Rubber 2592
2659 197, 8.0%26222462Saw bone 2497
2484 7, 0.3%24662477Heal 2471
3298           778, 30.9%30472520Healing from the Fracture 28939.
2543            68, 2.8%25352475outer side Heal 25.0% 2521
2537 43, 1.7%25252494Heal 50.0% 2502
2559 40, 1.6%25422519Heal 75.0% 2537
2581 43, 1.7%25562538Heal 2547
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Table 1. (Cont.) Frequency data of cadaveric tibial samples at each stage of the bone healing pattern.
Bone healingSample

Frequency (Hz)Stagepatternno. ∆ 100 N & 400 N
(Hz, %)

400 N300 N200 N
815, 30.4%349831022876Fracture10. Healing from the
51, 1.9%274327292708Heal 25.0%outer side
51, 1.9%273727262711Heal 50.0%
49, 1.8%275927322731Heal 75.0%
59, 2.2%278127662732Heal

851, 31.7%353432022727FractureHealing from the11.
227, 8.5%288428162727Heal 25.0%outer side
143, 5.4%280928162640Heal 50.0%
105, 3.9%2640              2816          2802Heal 75.0%           2697
71, 2.7%2727              2746          2754Heal                       2683

977, 38.2%2683              3206          3534Fracture                2557Healing from the12.
190, 7.0%2721              2771          2909Heal 25.0%           2719outer side
212, 7.9%2640              2771          2909Heal 50.0%           2697
170, 6.3%2700              2895          2862Heal 75.0%           2692
167, 6.1%2727              2727          2894Heal                       2727
922, 36.9%3034              3468          3419Fracture                2497Healing from the13.
64, 2.6%2506              2509          2519Heal 25.0%           2455inner side
57, 2.3%2455              2489          2512Heal 50.0%           2455
60, 2.5%2506              2506          2506Heal 75%              2446
36, 1.5%2454              2450          2502Heal                       2466

907, 36.3%3104              3368          3406Fracture                2499Healing from the14.
40, 1.6%2506              2506          2544Heal 25.0%           2504inner side
45, 1.8%2455              2484          2500Heal 50.0%           2455
83, 3.4%2506              2506          2518Heal 75.0%           2435
63, 2.6%2407              2455          2474Heal                       2411

1110, 45.2%2909              3206          3534Fracture                2434Healing from the15.
218, 8.6%2482              2557          2763Heal 25.0%           2545inner side
157, 6.1%2595              2634          2714Heal 50.0%           2557
69, 2.8%2505              2557          2574Heal 75.0%           2505
59, 2.5%2474              2474          2434Heal                       2375

994, 40.8%2739              3206          3428Healing from the                 Fracture                 243416.
181, 7.3%2382              2457          2663inner side                             Heal 25.0%            2482
195, 8.1%Heal 50.0%            2419 2495              2534          2614
2, 0.1%2378Heal 75.0%            2376            2386              2364
3, 0.1%2349              2337          2337Heal                        2343

939, 35.5%3581351232662642FractureHealing from the17.
35, 1.4%2482247924462447Heal 25.0%middle
25, 1.0%2454244424402429Heal 50.0%
5, 0.2%2557251625262552Heal 75.0%
11, 0.4%2527252725512516Heal

868, 33.3%3478342631452610FractureHealing from the18.
83, 3.2%2662262425942579Heal 25%middle
70, 2.8%2604258325542534Heal 50%
42, 1.7%2508              2498          2557Heal 75%               2515
6, 0.3%2521              2516          2527Heal                        2521

2683
2657
2666

2683
2692
2686
2710
2722

100 N
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Comparison of the mean frequencies among the
axial loads of 200, 300, and 400 N with that of 100 N
revealed significant differences in the fracture stage
of all bone healing patterns. However, when comparing
the axial loads of 100 and 400 N, only the gap distance
and material replacement pattern exhibited notable

findings in all stages, except for the healing stage. In
all bone healing patterns, the healing stages exhibited
no significant differences when comparing the
frequencies under axial loads of 100, 200, 300, and
400 N. The data are presented in Table 2, and the
graphs are shown in Figure 5.

Table 1. (Cont.) Frequency data of cadaveric tibial samples at each stage of the bone healing pattern.
Bone healingSample

Frequency (Hz)Stagepatternno. ∆ 100 N & 400 N
(Hz, %)

400 N300 N200 N100 N
1025, 40.1%2814              3209          353419.

170, 6.6%2619              2657          2752
139, 5.8%2540Heal 50.0%             2401           2497              2540
119, 5.0%2514247424742395Heal 75.0%

22, 0.9%2478251424652456Heal
972, 39.3%3445320928662473FractureHealing from the20.
207, 8.1%2752258225452545Heal 25.0%middle
191, 7.8%2640259725142449Heal 50.0%
119, 5.0%2514247424342395Heal 75.0%
33, 1.4%2478247924582445Heal

Bone healing
Mean of frequency (Hz)Stagepattern P-value

100 N & 200 N 100 N & 300 N 100 N & 400 N100 N 200 N 300 N 400 N
Gap distance < 0.001*0.002*0.005*352431982873gap 10 mm 2532

335430682680 0.002*0.01*gap 7.5 mm 2545 0.004*
316429612785 0.005*0.02*gap 5 mm 2585 0.12
291328512793 0.02*0.03*gap 2.5 mm 2594 0.08
239224032386 0.970.84Heal 2389 0.96

Material 348031662822 < 0.001*< 0.001*Fracture 2629 0.01*
replacement 324330792794 0.0003* < 0.001*Foam 2578       < 0.001*

303728982652 < 0.001*< 0.001*Rubber 2542 0.02*
276126942596 0.005*0.001*Saw bone 2488 0.04*

0.51                          0.97245624392442 0.48Heal 2455
Healing from < 0.001*< 0.001*346631392795 0.03*Fracture 2611
the outer side 0.240.39277027132669 0.67Heal 25.0% 2636

0.280.39274827102623 0.85Heal 50.0% 2636
0.300.34274627462652 0.97Heal 75.0% 2655
0.330.65275326992683 0.81Heal 2668

Healing from < 0.001*< 0.001*344733122947 0.001*Fracture 2466
the inner side 0.110.71262225072469 0.46Heal 25.0% 2497

0.110.21258525352500 0.55Heal 50.0% 2472
0.320.42249424832476Heal 75.0% 2441 0.41
0.410.47243724292421Heal 2397 0.56

Healing from < 0.001*< 0.001*351033393023Fracture 2559 0.01*
the middle 0.150.38266225862551Heal 25.0% 2538 0.81

0.080.10256025412501Heal 50.0% 2453 0.24
0.180.55253624912486Heal 75.0% 2464 0.66
0.490.32250325092499Heal 2485 0.65

Table 2. Mean frequency data of axial loading force in each stage of bone healing pattern.

*Significant difference; P < 0.05.

middle                                  Heal 25%                2582
Healing from the                Fracture                   2509
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Differences in the mean frequency between axial
loads of 100 and 400 N at various fracture stages
were 991.8 Hz (39.2%), 851.2 Hz (32.4%), 855.2 Hz
(32.8%), 980.8 Hz (39.8%), and 951.0 Hz (37.2%)
for gap distance, material replacement, and healing
from the outer side, inner side, and middle, respectively.
There were significant differences in all the bone
healing patterns (P = 0.004, < 0.001, < 0.001, < 0.001,
and < 0.001, respectively). In the healing stage of all
the bone healing patterns, these differences were not
statistically significant (2.8 Hz, P = 0.70; 1 Hz, P =
0.98; 85 Hz, P = 0.06; 40.3 Hz, P = 0.06; 18.0 Hz,

P = 0.06, respectively). Only the differences of all
stages of gap distance and material replacement
patterns were significant, revealing gradual
improvement (in the gap distance pattern: 10 mm
39.2% (P = 0.004); 7.5 mm 31.8% (P = 0.005); 5
mm 22.4% (P = 0.04); and 2.5 mm 12.3% (P = 0.01);
for the material replacement pattern: the fracture was
32.4% (P < 0.001); foam 25.8% (P < 0.001); rubber
19.5% (P = 0.001); and saw bone 11.0% (P = 0.006)).
The data are presented in Table 3, and the graphs
are shown in Figure 6.

Figure 5. The graph illustrates the mean frequency of each stage under axial loads of 100 N, 200 N, 300 N, and 400 N for each
bone healing pattern: (A) gap distance; (B) material replacement; (C) healing from the outer side; (D) healing from the inner
side; (E) healing from the middle
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Discussion

To our knowledge, this study is the first to investigate
which bone healing pattern is most suitable for
detecting strain in any experiment. Moreover, this study
comprehensively analyzes five stages of each bone
healing pattern to evaluate the bone healing process
in detail. Thus, this study evaluates the progression of
bone healing, not only the fracture and bone union,
and also determines the most suitable bone healing
pattern for assessing bone healing. The strain change
detection in this study employs a BUDWF plate(25)

to identify frequency changes. In that experiment, a
gap distance pattern is employed to evaluate the
efficacy of bone healing assessment with a sawbone.

Numerous previous studies have examined
devices that assess bone healing via strain
changes using various methods, such as strain
gauges,(16) changes in RRF,(17) wavelength,(18)

piezoelectric voltage,(19) telemetry values,(20) tungsten
displacement,(21) contrast media,(22) fluid levels,(23)

force sensor,(24) and the frequency of wire in

StageBone healing pattern ∆ 100 N & 400 N
Hz, (%) P-value

Gap distance 0.004*991.8, 39.2%gap 10 mm
0.005*809.2, 31.8%gap 7.5 mm
0.04*578.7, 22.4%gap 5 mm
0.01*319.2, 12.3%gap 2.5 mm
0.702.8, 0.1%Heal

Material replacement < 0.001*851.2, 32.4%Fracture
< 0.001*665.5, 25.8%Foam

0.001*494.5, 19.5%Rubber
0.006*273.3, 11.0%Saw bone
0.981, 0.0%Heal

Healing from the outer side < 0.001*855.2, 32.8%Fracture
0.06134.0, 5.1%Heal 25.0%
0.07112.2, 4.3%Heal 50.0%
0.0691.0, 3.4%Heal 75.0%
0.0685.0, 3.2%Heal

Healing from the inner side < 0.001*980.8, 39.8%Fracture
0.06125.8, 5.0%Heal 25.0%
0.06113.5, 4.6%Heal 50.0%
0.0653.5, 2.2%Heal 75.0%
0.0640.3, 1.7%Heal

Healing from the middle < 0.001*951.0, 37.2%Fracture
0.052123.7, 4.9%Heal 25.0%
0.06106.2, 4.3%Heal 50.0%
0.0971.2, 2.9%Heal 75.0%
0.0618.0, 0.7%Heal

Table 3. The difference in mean frequency between an axial load of 100 N and 400 N at each stage of the bone healing pattern.

**Significant difference, P < 0.05.

a  BUDWF  plate.(25)  However,  the  standard  bone
healing pattern for assessment is yet to be established.
Our  results  indicate  that gap  distance  and  material
replacement pattern are the most suitable parameters
for  assessing  bone  healing  through  strain  changes.
The graphical abstract, including background, objective,
material, methods, and results, is presented in  Figure 7.

  Most studies use the gap distance pattern with a
fracture  gap  of  1  cm  for  experiments.(16-18, 21, 22, 25)

This is because a larger gap distance is more sensitive
in detecting strain changes. Furthermore, this study
confirmed  that  a  fracture  gap  of  1  cm  was  more
effective  in  detecting  strain  changes  through
frequency  changes  compared  to  fracture  gaps  of
2.5, 5, and 7.5 mm under the same axial load. Although
the  2.5  mm  fracture  gap  exhibited  the  smallest
difference in frequency change, it still significantly
affected the frequency when comparing axial loads
of 100 and 400 N.
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Figure 6. The graph illustrates the differences in mean frequency between an axial load of 100 N and 400 N at various
fracture stages for each bone healing pattern: (A) gap distance; (B) material replacement; (C) healing from the outer
side; (D) healing from the inner side; (E) healing from the middle.

Figure 7. The picture illustrates the graphical abstract of this study.
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The material replacement pattern is also popular
in many studies.(19-24) The materials chosen to
represent bone healing as soft or hard callus depend
on the elastic modulus of the material. In previous
studies, silicone or polymer foam was used to represent
soft callus, while PMMA, wood, or acrylic was used
to represent hard callus. In this study, foam, rubber,
and sawbone were used to represent the bone healing
process with an increasing elastic modulus that mimics
real bone as closely as possible. The results revealed
a gradual frequency change that was related to the
elastic modulus of the material replacements. The
minimum frequency change between the axial loads
of 100 and 400 N was found in the bone healing group,
with gradual differences in sawbone, rubber, and foam
(0.0%, 11.0%, 19.5%, and 25.8%, respectively).

The healing process from the outer side, inner
side, and middle exhibited significantly different
frequency changes under axial loads of 100 and 400
N only during the fracture stage. This is because if
the bone experiences a fracture with a bone bridge,
even at 25.0%, it affects the evaluation of strain
changes. The axial force in a bone fracture without a
bone bridge transfers directly to the plate, thereby
causing high strain and high frequency. However, when
a bone bridge occurs, even if only 25.0%, the axial
force transmits through the bone and plate, thereby
increasing the second moment of area. This makes it
harder to bend the plate and thus more difficult to
alter the strain of the plate. The axial force is
transmitted through the bone and plate, which results
in minimal change in the strain on the plate.

Although this study focused on the bone healing
pattern, the results demonstrated the effectiveness
of the BUDWF plate in assessing bone healing.
This supports the findings of Chancharoen P, et al.,(25)

who stated that detecting changes in the wire
frequency on the plate could assess bone healing and
help identify bone union or nonunion. This could be
beneficial in real-world situations. However, this plate
was still a prototype and requires further experimental
validation, especially in real environments surrounded
by soft tissue and fluid that may affect wire frequency
changes.

This study had a few limitations. First, it was a
cadaveric study that did not accurately assess real
bone healing, which may have factors that influenced
the evaluation. However, this study tested five
different bone healing patterns to evaluate and explore
the five stages of each healing pattern, thereby creating
a situation that mimics the real bone healing process
as closely as possible. Second, there was a limited

number of cadaveric bones included in each bone
healing pattern. However, the results revealed the
same trend for all samples in each group. Third, this
study applied an axial load of 400 N (which is half the
weight of an 80 kg human body). The results may
change if the axial load increases, but we selected
400 N to resemble partial weight bearing, which
correlates with the postoperative rehabilitation protocol
for patients with a midshaft tibial fracture that is
treated with plate fixation.

Conclusion

The pattern of bone healing influences the assessment
of bone union by detecting changes in strain. Methods
that involve gap distance and material replacement
are the most suitable for mimicking the process of
normal bone healing, which demonstrates a gradual
process of bone healing by decreasing the bone gap
and filling it with representative bone callus material.
The bone healing pattern from the outer side, inner
side, and middle is not appropriate to use because of
the lack of gradual changes in bone healing. Although
this study is a cadaveric experiment, the authors hope
that this study will serve as a reference for future
research that explores new devices or methods to
evaluate bone healing initially in cadavers and then
for application in humans.
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