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Abstract. Purpose. The subject of this work is the experimental substantiation of the contactless method of measuring the movements
of bone fragments with the help of digital photography.

Design/methodology/approach. During the experiment limbs were used without pathology of bone tissue and tumors on bone tissue.
Fixation of bone fragments (osteosynthesis) is performed with the aid of different devices of external fixation. Loading methods:
compression, bending and cyclic loading, which simulate the weight of a person.

Results. A comparison of the results obtained confirmed the suitability of the method for measuring the displacement of bone fragments
with the help of digital photography for practical use.

Originality/cost. Results are important for medicine and can improve treatment.

Keywords: means of osteosynthesis, movement of fragments of bones, rigidity of fixing fractures, measuring movements, digital
photography, suitability of the method.

Introduction. Means of osteosynthesis (OS) should provide reliable fixing of bone fragments, maximally
preventing their mutual displacement in the process of transportation and treatment of patients. OS means any system
used to fix bone fragments, that is, a complex of "bone fragments - a means for fixing a fracture." Under deformations we
will understand not only the absolute displacements of the points of the system of the OS, but also the mutual displacement
of adjacent points of the debris of the bone directly at the fracture.

If to use purely mechanical approaches, processes of deformation of OS systems do not differ from the processes
of deformation in any objects studied in the mechanics of a deformed body: the effect of external forces and moments of
these forces - the influence of concomitant factors - the result in the form of deformations and displacements.

In most of the experiments in the experimental biomechanics of the OS, in particular [1-3], only static (one-time)
loads were considered. However, as practice shows, multiple loads lead to higher levels of deformation and displacement
at the fracture site. Destruction can occur at lower loads than with one-off actions.

As a rule, objects of biological origin, which are experimentally investigated (bones with simulated fractures,
means of fixing fractures, etc.), have a rather complex form, and the movement of individual points occurs in different
directions. The determination of the displacements of the set of points of these objects using conventional technical means
(mechanical indicators of displacement, calipers, micrometers, etc.), as well as optical methods (instrumental
microscopes, cathetometers), in some cases, is practically impossible. The use of modern digital photo and video
equipment in biomechanical research is the most suitable and universal way of solving many technical problems of
registration of displacements and deformations of anatomical objects under the influence of loads [4].

In the laboratory of biomechanics of the department of dynamics and strength of machines and resistance materials
KPI named after Igor Sikorsky was designed and implemented a practical method of measuring the displacement of
human bone fragments in an experiment. This method, using digital photography, records the values of displacement of
bone fragments with osteosynthesis systems under the influence of external loads. At the same time, it is proposed to
measure the displacement according to the labels directly established at the controlled points in the fracture zone [5] and
analytically at the positions of the reference points outside the fracture zone [6].

The aim of the research was to develop a new, more advanced, when compared with the known method of
registration and analysis of the magnitude of displacement of bone fragments in modern OS systems. On the basis of the
application of these methods, it was possible to conduct photo and video shooting of test objects and non-contact methods
at given load modes to study the processes of deformation of OS systems. In this case, the characteristics of the rigidity
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of the systems "bone - fixing apparatus" are determined in real, including cyclic, modes of action of external loads under
compression, bending and torsion. According to these data, the most dangerous types of loads on damaged bones are
determined and optimal OS systems are selected, which provide the permissible levels of mutual displacement of bone
fragments.

In our previous studies [4] we measured: 1. general deformation of the test specimen (movement of the point of
application of the load relative to the place of bone fixation); 2. the displacement of one point of the fracture relative to
the place of attachment of the bone; 3. mutual displacement of two adjacent points of a fracture.

In the first case, the total deformation of the system is measured by means of a motion sensor mounted on the test
vehicle. Therefore, in this case, the general deformation consists of deformations of the means of fixation, deformation
of the bone and deformation of the load system. Reciprocal movement of system points in this approach is very difficult
to detect.

In the second case, the movement was measured using the clock indicator. Clock-type indicators, along with high
reliability and ease of handling, are relatively large in size. The indicator foot creates an additional load on the sample,
which may lead to distortion of measurement results. The displacement of one point may not correlate at all with the
mutual displacements of other points of the fracture (convergence of some points of fracture to load and difference of
other points).

In the third case, the measurements were made using a catheter. Since the operating position of the cathetometer
B-630 is vertical, it was used exclusively for measuring vertical movement of preparations during loading. This approach
does not guarantee that we have correctly selected the most dangerous points with the greatest mutual offsets.

An advanced method is suggested. This is a simultancous determination of the linear displacements of several
fracture points in the longitudinal and transverse directions.

Since it is not possible to consider a large number of points, it is proposed to limit to the four points of the fracture:
the point closest to the fixation means (plate or external fixation apparatus); point, the most distant from the fixture; two
points, the most distant from the line connecting the first two points. From these points we choose the point with the
greatest displacements. Moreover, in addition to linear, angular displacements are also recorded.

Objects of research. Bone preparations of people were used, which were taken from the biomaterial of amputated
limbs to be disposed of and which, according to the order of Ministry of Health of Ukraine No. 325 of 08.06.2015, were
disposed of after the end of the tests. For the experimental study, bones were used without pathological changes. On the
bones artificially created the necessary fractures with the help of Langenbeck saw. Fractures were fixed by various means
of fixing fractures by conventional surgical methods.

The essence of the method. The basis of the proposed method is the measurement of the displacement of any
points of bone debris in the fault zone using reference elements (labels) installed on external fracture sites without the
need to measure the displacements of internal fracture sites and the possibility of applying analytical methods to determine
these displacements.

Measurement consists of the following sequence of actions:

1) fixing to the desktop of a testing machine a test bone with a model fracture, a system for fixing the damage and
reference elements pre-placed on chips;

2) photographing a calibrated object of known size for the establishment of a scale factor;

3) photographing the fracture site of undisturbed bone; In the future, this scene is used as a control;

4) application to the object of loading, which leads to the appearance of displacements in the gap zone;

5) photographing the bone, which is subject to loading, without changing the position of the fixed part of the bone
and device; photographing;

6) processing of digital photographs, determining the distances between the supporting elements in the undeformed
system and the system under the influence of the load;

7) calculation of displacement at different points of the gap zone.

Stages 1-5 are described in detail in our papers [4, 7, 8]. In this article only the features of the measurement
methodology concerning the study of fracture fixing systems are given.

To explain further actions, fig. 1 is used, which shows the gap between the ankle bone and the fixation system [9]
in the uncharged state (Fig. 1a) and after loading (Fig. 1b). In fig. 1c, g - a simplified bone structure with a fracture in the
initial state and under the action of the load.

Stage 1. On the test bench, a test specimen was fixed to the sample with pre-installed reference elements (labels)
on it.

The specified 5 x 5 mm frame elements were made of 0.5 mm white-colored PVC sheet. On the surfaces of the
elements, the sharpened scalpel affects the perpendicular trias that formed the intersection. The risks were filled with
black paint to increase contrast. As practice has shown, such intersections allow accurately carry out further computer
image processing on the PC display.

Before installing a bone, a device for creating digital images, such as a digital camera, is placed in parallel with
the plane in which the reference elements on the prototype are located. In this case, all labels should be in the focus of the
lens and be centered.
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Fig. 1. Ankle bone with fracture (a, b) and deformation scheme (in, g): unloaded (a, ¢) and loaded (b, g) samples;
1, 2, 3, 4 - reference elements installed on bone debris; D and D* are adjacent points of the bone fragments,
for which the bias was determined

Stage 2. A calibrated element (Johansson reference tile or other object of known size) was placed on the same
level with the reference elements. In this case, the edges (faces) of the element should be clear and located strictly
horizontal. In fig. 1 this calibrated element is not shown.

The magnitude of the received image was found in the manner described in [5]. Images were transferred to a
computer and using any digital image processing program (for example, FastStone Image Viewer. ACDSee Pro or Paint
determined the size of the Johansson tile in pixel, from which the scale factor of the received image was calculated using
the formula M =n / h, (pixel / mm), where n is the number of pixels corresponding to the height of the Johansson tile; h
- actual height of Johanson's tile in mm.

Stage 3. The simulated fracture and fixation bone was photographed and the image was used as a control non-
deformed sample (Fig. 1a, c).

Stage 4. The investigated bone was loaded with a pre-selected load, which did not lead to the destruction of the
"bone - fixation tool" system, but only caused a reciprocal movement into parts of the fracture.

Stage 5. Again, the system was photographed in a deformed state under the action of a given load (Fig. 1b, g).

Stage 6. The received images have been processed. Initially, on both pictures, the distances between the reference
elements were measured. The ends of the vector segments on the computer display screen were combined with the
corresponding reference elements and the projections of these vectors on the vertical and horizontal axes in pixel were
determined (Fig. 2). Then, using the scale factor, the values of distances in real units of length (in millimeters) were
counted.

Stage 7. Based on the results of measuring the distances between the reference elements of the object in the
undeformed and deformed states, the magnitudes of mutual displacements (displacements) of individual points in the
fracture region were calculated. This step will be described in more detail.

To find the displacement of any point of the fracture under the action of the load, both parts of the bone were
considered to be absolutely solid (their deformations were negligibly small compared with the magnitude of the mutual
displacement in the fracture).
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Fig. 2. Scheme for determining the mutual position of reference points to load (a) and after loading (b) using digital
photography

Since at any point D (Fig. la, ¢) the ramp is not installed, its coordinates after displacement in the system,
associated with the point 1, we will find analytically, considering this point as the third vertex of the rigid triangle A
(2*¥4*D*) (Fig. 1b, d) by the known coordinates of two other vertices 2* and 4*.

The sequence of actions is as follows.

- in the fracture zone the point D is selected (Fig. 1a, c), the displacement of which must be determined;

- in the manner described above, we found the coordinates of the points 2 (X2, Y2), 4 (X4, Y4) and D (XD, Y4)
in the coordinate axes system, the beginning of which is combined with the point 1 (Fig. 1);

- then we found the lengths of the sides L2-D and L4-D of the triangle A (2-4-D) at the known lengths of their
projections on the X and Y axis:

L » =X, - X,) + (5= 1)
Ly =Xy~ X, +(L-T,)

After loading the sample with force P, which is applied to the bone fragments not fixed in the fixator, this fragment
is shifted relatively to the fixed time of the bone (Fig. 1b, g). Since the displacement of bone fragments is much larger
than possible deformations under the action of the load, then these fragments, and hence the related triangles, should be
considered absolutely rigid.

In the future, the following actions were carried out:

- After applying the load, the sample was again photographed and new coordinates of the points 2* (X, Y»+) and
4* (X4+, Y4+) on the free part in the coordinate system associated with the point 1 were set;

- the coordinates of the point D* were found as the coordinates of the third vertex of the triangle A (2*4*D%*),
provided that the lengths of the sides of the triangle under load do not change:

Povon=Prp = (Xp, — Xp ) + (B~ Yp)’;
Lape=Lap= (X, _Xoc)z +( - YD:)Z-

We set the coordinates of points based on their sign, considering the coordinate system X and Y with the beginning
at the point 1 as the right.

Received A system of square equations was received with respect to the coordinates of the point D*. The solution
of this system is two groups of roots (Xp+, Yp+) 1 and (Xp*, Yp+) 2. Those values were accepted that do not contradict
the real position of the point D* with respect to the points 2* and 4*.

The position of the point D on the fixed part of the bone is found by moving the triangle A (1-3-D) from Fig. la,
in Fig. 1b, g.

Points D and D* are joined by a segment which in magnitude and direction meets the vector of the desired moving
point D. The value of this displacement is from the expression:

AD = '\/(XDt _XD)2 +(YD= _YD)Z

The proposed method makes it possible to determine the displacement of any kind of bits of fragments in the
fracture zone, and the use of analytical methods for processing results using computer programs can significantly increase
the amount of useful information received from the experiment and increase the productivity of research.

In order to assess the suitability of this method, the data obtained by the method of digital photography,
compared with the data obtained by direct measurement of displacements by contactless method using an optical system,
for example, using a catheter, and the accuracy of the proposed method is estimated.
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For tests, the tibia with a simulated direct fracture in the diaphyseal region and a rod device of external fixation
[4] with pre-installed reference elements on it with all the requirements provided for in stage 1 (fig. 3) was applied. On
one level with the reference elements a Johansson calibrated tile 20 mm high placed on a digital image of which the scale
factor M was determined (stage 2). The bone sample was photographed (Step 3, Figure 4a), and the image was used as a

control.

cathetometer X .
sample with fixation system

reference
elements

Fig. 3. Testing device (a) and sample of the tibia with simulated fracture fixed by the rod apparatus of
external fixation and with the established reference elements (b): 4, 4, B. B, C, C’ - control points

Fig. 4. Scheme for determining the mutual position of reference points to (a) and after (b) loading using digital photography

The sample was then photographed in a deformed state under the action of loading (steps 4-5). Measuring the
displacements in pixel was carried out using the standard software for processing the digital images, MS Paint (step 6).
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The ends of the vector-segment segments were combined with the corresponding reference elements and determined the
projections of these vectors on the vertical and horizontal axes (Figs 4a, b). The difference between the projections in the
undeformed and deformed states was determined by the displacement of the reference elements in the corresponding
directions (step 7).

In this way, the points whose movement were determined were pre-labeled with the labels directly on the sample
(points A, A, B, B/, C, C in Fig. 4). This method allows you to determine the offset by the labels in the predefined points
in the fracture zone. The number of labels applied is limited to the size of the sample.

In order to assess the accuracy of the proposed methods for determining displacements, in addition to
photographing the specimen, measurements of point displacements in the fracture zone were carried out using a
cathetometer B-630 (Fig. 3a). In parallel with photographing the sample in unloaded and deformed states, the vertical
distances between the three control points of the fracture (distances A-A’, B-B/, C-C’ in Figs 3b and 4) and reference
points 1-4 were measured. 20 measurements of displacement were carried out.

Results of measurements and calculations are presented in Table. 1. The table shows the results of measurements
of the displacements of the points of the fracture and the rapping points, as well as the measurements data using a
cathetometer (in brackets). The maximum deviation of the results of the measurement by digital photographic processing
from the data of control measurements by a cathetometer does not exceed 0.040 mm. The average deviation is 0.020 mm.

Table 1

Movement at the fracture site of the tibia with a rod device of external fixation under a load of 200 N

No. of Break points Reference points
trial A-A B-B c-c 1-3 2-4
1 0.99 (0.97) 1.09 (1.11) 1.24 (1.26) 0.72 (0.71) 1.41 (1.44)
2 1.00 (1.01) 1.20 (1.17) 1.29 (1.33) 0.75 (0.75) 1.50 (1.53)
3 0.94 (0.92) 1.13 (1.12) 1.27 (1.29) 0.73 (0.72) 1.53 (1.53)
4 1.01 (1.03) 1.22 (1.18) 1.28 (1.31) 0.75 (0.73) 1.53 (1.57)
5 1.02 (1.00) 1.23 (1.26) 1.29 (1.30) 0.80 (0.79) 1.50 (1.51)

Note: the numbers in parentheses are the results of the measurement with the B-630 cathetometer

The data of comparing the results of the measurements of the displacement of the point B~ with respect to point B
and calculations are presented in the table. 2. Table shows the results of measurements using a cathetometer (the second
column in the table), based on the results of the measurements of the displacement of the reference elements and the
subsequent calculations (the third column), as well as the results of measuring displacements directly by digital images
without application reference elements (last column in the table). The relative difference between the calculated data, the
results of direct measurements and control results (cathetometer) does not exceed 3.41% and 3.38% respectively.

Table 2
Results of measurements and calculations of displacements of the point B’ relative
to the point B in the fracture zone
Vertical displacement of the control point, mm
No. of io
trial Measurement with Digital photography
cathetometer B-630 Calculation using reference Measure directly by the
elements labels in the photo
1 -1.11 -1.09 (-1.80) -1.09 (-1.80)
2 -1.17 -1.21 (+3.41) -1.20 (+2.56)
3 -1.12 -1.15 (+2.67) -1.13 (+0.89)
-1.18 -1.19 (+0.85) -1.22 (+3.38)
5 -1.26 -1.27 (+0.79) -1.23 (-2.38)

Note: the minus sign means that the distance between the points B’ and B is reduced, the numbers in brackets are the
error in percentages

The standard of ISO/IEC 17025 [10], with the implementation and subsequent use of any method for measuring

physical quantities, provides for an estimation of uncertainty of measurements. Using the proposed method [11],
uncertainty of measurements of linear sizes of samples was calculated using a cathetometer B-630.
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Taking into account all sources of uncertainty, the model equation has the form:
I=1+A, + Ay +A,,
where the input values: /- the size being measured; /, - readings of a catheter at 20 °C; A, - error of operator readings;

A, una - €r1or due to the action of random factors; A, - possible change in size due to deviation of temperature from 20 °C.

The budget of uncertainty [11] of a catheter is shown in Table. 3. According to the calculations, the variance of
values that can be sufficiently substantiated from the prescribed measuring value lies in the range of + 0.026 mm.

Table 3
The uncertainty budget of the B-630 cathetometer
Input value Estimate of the Standard The number Probability Sensitivity | Contribution
input value, mm | uncertainty, of degrees distribution ratio to uncertainty,
mm of mm
independen
ce
[, 25 0,00866 o0 Equiprobability 1 0,00866
A, 0 0,00144 o0 Equiprobability 1 0,00144
A, 0 0,00803 19 Normal 1 0,00803
A, 0 0,00590 o0 Equiprobability 1 0,00590
/ 25 0,0134 144 U()=0,026 mm, p=0,95, k(p)=1.99

Taking into account the average deviations of the photographic recording of the displacement results from the
control measurements by the cathetometer (0.020 mm), we establish the final uncertainty value of the proposed method
in the range of + 0.046 mm.

Conclusions

The proposed method for measuring displacements of bone fragments by means of digital photography allows
simultaneously to perform measurements in different planes and at different points, which significantly increases the
amount of information about moving points of the experimental object. At the same time, the accuracy of measurements
does not decrease compared with traditional measurement methods.

The method differs from the traditional ones in that, when it is used, there is no contact between the measuring
apparatus and the object under study, which does not lead to additional deformations.

The result of the comparison showed the suitability of the digital photography method as a direct measurement of
the labels established at the points under study and by the analytical method at positions of reference points outside the
fracture zone. The difference with the data obtained with the cathetometer was within the limits of the measurement
equipment error and did not exceed 3.4% of the measured value.

3acrocyBanHst Hu(poBoi (OTO3HOMKH B 0i0MeXaHIYHUX JOCTiIKEHHAX CHCTEM
OCTEOCHHTE3y

M.C. upnocebkumii, O.I1. 3axoBaiiko, M.M. lumanb

Anomauia. 3anpononosanuii ma exchepumMenmanibHo 00TPYHMOBAHUY Oe3KOHMAKMHUL MemOoO GUMIDIOBAHHS 3MIUJeHb YIAMKIG KICHOK
3a 00noMo2010 Yyupposoeo omoepagpyeanns. Onucana Memoouxa Kk 0e3nocepeoHbOo20 GUMIPIOBAHHS NepeMiujeHb 3a MImKamu,
6CMAHOBIEHUMU 8 OOCAIONCYBAHUX MOUKAX @ 30HI NEPENOMY, MAK | AHATIMUYHUM MEMOOOM 30 NOLONCEHHAMU PEnepHUX MO4oK no3d
30H010 nepenomy. Hasedeni pezyromamu sumipiosans nepemiujenb 3anponoHOBAHUM MeMOOOM Ma MpAOUYitiHuUM 3 GUKOPUCIAHHAM
Kamemomempa. 3icmasients OmpumManux pe3yiomamie niomeepouso eoeKmusHicns Memooy UMIPIOGAHHSL 3MIUeHb YIAMKI8 KICIOK
3a 00NOM02010 YUPpPoso2o Pomozpadysans Onsl NPAKMUYHOLO 3ACHOCY8AHHS.

Knrouosi cnosa: 3acobu ocmeocunmesy, nepemiujeHHss YIaMKi6 KiCMOK, #COpCmKicms cucmemu Qhikcayii nepenomis, uUMipto8ants
nepemiwjens, yugpose pomoepaghysanns, npuoamHicmes memooy.
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IIpumenenue ungppoBoi (POTOCHLEMKH B OMOMEXaHHYECKHX HCCIe0BAHUAX
CHCTEM OCTEOCHHTe3a

H.C. unioBekuid, A.I1. 3axoBaiiko, M.M. /IbiMaHb

Annomauusn. IIpeonodcennvlii u IKCNEPUMEHMATLHO 0OOCHOBANHBIL OECKOHMAKMHBII MEemoO UMEPeHUs CMewjeHuli OMmI0MKO8
Kocmeti ¢ nomowbio Yugposotl pomocvemru. Onucannas MemoouKa Kaxk HenoCcpeOCmEeHH020 UsMepeHUs nepemeueHull N0 MemKam,
VCMAHOBNEHHBIM 6 UCCTIEOYeMbIX MOYKAX 8 30He NePeloMa, MAK U AHATUMULECKUM MEeMOOOM C NOTONCEHUAMU PENePHbIX MOYeK GHe
30Hbl  nepenoma. Ilpusedennvie pe3yibmamvl UsMepeHuti nepemeujeHuli npeodIoHCeHHbIM MemoooM U  MPAOUYUOHHBIM C
ucnonvzosanuem kamemomempa. Conocmasienue NOIYYEHHbIX Pe3VabMamos noomeepouno dP@eKmusHocms Memooa usmepeHus
cMelyeHuti OMIOMKO8 KOcmell ¢ HOMOWbI0 Yudpoeozo gomozpaguposanus O npaKkmuiecko2o npumMeHeHus..

Kuouesvie _cnosa: cpedcmea ocmeocunmesa, nepemeujeHusi onmioMKo8 KOCMell, HecmKOCy (QuKkcayuu nepeiomos, usmepeHus
nepemewjenuti, yughposoe ghomozpaghuposanue, npueoOHOCHb MEMOOd.
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