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Spatial deformations of osteosynthesis systems.
Message 2. Experimental results
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Abstract. Test procedure and a device for the spatial loading of full-scale bone specimens with fractures and fixation means and
simultaneous measurement of mutual displacements arising in the fracture region due to the load are presented. The device allows us
to apply longitudinal, transverse bending and rotational one-time and long-term cyclic loads to the specimen, simulating the action
of loads when walking. The measurement of displacements was carried out by digitally photographing the fracture areas followed by
computer image processing.

The test results of the “tibia with simulated fracture — fixation plate” systems under spatial loading by three external forces are
presented, which cause compression, bending and torsion. As a result of the tests, the values of mutual displacements and the angles
of mutual rotation of parts of the fracture were measured.

Comparison of test and calculation results using the relationships described in Message 1 shows the suitability of the method, which
allows us to quickly and reliably assess the level of displacements in bone fractures under the spatial loading.

Keywords: osteosynthesis, biomechanical characteristics, tibia, compression, bending, torsion, displacements in a fracture, angle of
rotation, dangerous loads, permissible load.

Introduction

Recently, a large number of works, in particular [1 —5], have been devoted to an experimental study
of the reliability of means for fixing bone fractures. Most of these studies are based on methods for measuring
displacements in fractures in case of single and short-term external loads, mainly when they act along the longitudinal
axis of the bone, less often when bending. The combined influence of the forces operating in most of the possible
directions is hardly considered, although in our opinion this case is the most important from a practical point of view
(walking, treatment procedures, etc.).

Block-and-lever device for the complex loading of osteosynthesis (OS) systems

For an experimental study of the spatial displacements of points in fracture area and mutual angles of rotation
of parts of bone, a device has been designed and created that allows the simultaneous action of compressive, bending,
and rotational loads on the system of “bone with a fracture — means of fixation”. A general view of the device is shown
in Fig. 1, a, and its spatial model is presented in Fig. 1, b.

The device is intended for applying static and cyclic loads when testing OS tools with the simultaneous action
of compression, bending and torsion. In the process of loading at every moment of time, it is possible to digitally
photograph the fracture area and further determine the displacements (mutual displacements) of points of the opposite
parts of the fracture [6 — 9].
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Fig. 1. The device for complex loading of the system “bone with a fracture — fixing plate” (a) and its
spatial model (b)

The principle of operation of the device

The experimental device consists of the following main units (Fig. 2): unit for fixing the specimen “bone with
a simulated fracture — means of fixation”; unit for loading the bone in compression; unit for loading bones by bending;
a unit for applying torque to the bone; lever system for cyclic loading.

Bz r 11 0 9 8

\

AN |

I
%ﬁ f 5
7 17
2 I |
2

Fig. 2. The scheme of a test device for the study of osteosynthesis systems
under complex loading
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In Fig. 2 we see: / — Fixed frame; 2 — Supporting columns; 3 — Lower support; 4 — Lower clamp; 5 — Specimen;
6 — Upper clamp; 7 —Hinge; 8 — Lever; 9 — Loading rod; /0 —Ball; /1 —Axis; 12 and /3 — Ropes; /4 — Stands for blocks;
15 — Replaceable blocks; /6 —Hook; 17 — Lanyard; /8 — Weight to create bend; /9 — Weight to create torsion;
20 — Weight to create compression; 2/ — Loading unit.

The weight 20 creates compression loading. This load is transmitted through the lanyard /7 and the flexible
rope /3 to the lever 8. This lever loads the rod 9, which is rigidly connected to the movable upper clamp 6. The upper
clamp carries an axial compressive load on the specimen 5.

The bending load is created by the weight /8 using the rope /2, thrown over the block /5. The rope is attached
to the specimen 5 and creates a bending moment.
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The torsion is created by the weight /9 which transfers the load to the upper movable clamp 6 through the second
block /5 using the rope /2. This rope is fixed to the special rod in upper clamp 6 set perpendicularly to the longitudinal
axis of the specimen.

The TIRA-test universal testing machine was used to lift and lower three weights /8, 19, 20 and to perform
one-time or repeated loading. To do this, a lever attached to the movable cross-arm of the testing machine is used.
A plate is attached to the right edge of the lever, which performs lifting and lowering the load. The cyclic load modes
(number of cycles, load speed and frequency, other cycle characteristics) are set by the control unit of the testing
machine.

Device features are: application of compression loads in the range from 10 to 800 N; application of bending loads
in the range from 10 to 200 N; application of rotational torque in the range from 2 to 20 N-m; cyclic loads
in the indicated ranges with a frequency of 1 ... 5 s!; determination of linear displacements of fracture parts in different
directions during loading with an accuracy of £0.02 mm; determination of rotation angles of fracture parts in different
planes with an accuracy of £0.1°; determination of irreversible displacement of fracture parts under the action of static
and cyclic loads.

Control tests were performed using the tibia with a simulated fracture, which was fixed with a medial blocked
straight plate. A detailed description of the plate, the method of manufacturing samples and preparation for testing
is provided in [10, 11].

Fig. 3 shows the photo of one of studied test specimens and the direction of action of forces and moments under
spatial loading. The generalized data on geometry of specimens and the loads are given in Table 1. The tests were
carried out using three identical specimens of tibia with simulated fractures, which were fixed by these plates.

Fig. 3. Directions of the loads applied to the bone during their joint action (a) and separate loads under
compression (b), bending (c) and torsion (d)

Table 1. The loads and geometrical characteristics of tibia specimens with fractures, which were fixed by plates,
and subject to joint action of compression, bending and torsion

Characteristic Value

Axial load (compression) Py 147.1 N

Transverse load (bending) P 49.1N

Lateral force (reaction in the upper support) P 285N

Rotational load P3 5.88 N
el 17.5 (£0.5) mm
Distances from the line of a:)cftit;)ll; ?rfa il:zriorce to the place of fixation o 32.0 (+0.8) mm
e3 215 (#1.5) mm
Distance between supports (bend) Liotal 146 (£0.5) mm
The distance from the upper support to the point of application of force Lp 61.2 (£0.5) mm
Fracture size (distance between the medial point M and the lateral point L) Su 29.0 (£0.5) mm
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Results of experimental determination of displacements

After applying the loads P;, P, and P;, the displacements of the fracture points A and A were measured
in the maximum distance from the plate (point L) and near the plate (point M) by digital photography. The measurement
results are given in Table 2 (the method I). The indices X, Y, Z denote the projections of the total displacements
on the corresponding axes (X is the longitudinal axis of the bone, Y is the axis perpendicular to the X-direction and
parallel to the plane of the plate, Z is the axis perpendicular to the X and Y axes).

Table 2. Displacements of the fracture points L (farthest from the plate) and M (near the plate) when fractures were fixed with

the «3M» plate
The point and the direction of displacement Method I Method II Relative difference A, %
Alx, mm 2.09 2.20 5.00
Farthest from the plate lateral point L Aly, mm 1.48 1.53 3.26
ALz, mm 0.46 0.49 6.12
Total displacement of point AL, mm 2.60 2.72 4.41
AMy, mm 0.67 0.70 4.29
Near the plate medial point M AMy, mm 0 0 -
AMz, mm 0.46 0.49 6.12
Total displacement of point A¥, mm 0.80 0.85 5.88
The angle of rotation of parts of the fracture I', ...° 4.05 4.23 4.25

Note: the Method I: data were obtained by direct measurement of displacements under the joint action
of forces P1, P2 and P3;
Method Il - calculation results which were defined using experimental data obtained at separate loading.

In this table the full mutual displacements of two fracture points are given as the geometric sums
of the three components:

AE = () (AL +(aL) M

AM = \/(Af‘; )2 (Y )2 +(AY )2 )
and the angle of mutual rotation of the parts of the fracture, calculated by the formula
(A5 -2¥ )2 +(2g -2y )2 (2 -2 )2

i 3)
28

r

max = arccos| 1—

Comparative calculations

To check the results of the three-dimensional loading, analytical calculations of displacements of the fracture
points and rotation angles of fracture parts were carried out using the data obtained by testing under the action
of separate compression, bending and torsion (See Message 1.).

The displacement components for the lateral (farthest from the plate) fracture points L and the medial (near
the plate) fracture points M were calculated using the formulas

3
Aj =2 B 05+ N ) @)
k=1

3 —_
A= BOS + 1 ) - (%)
k=1
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Total displacements of these points according to the formulas

373 2
AL:\/Z{ Bf(}‘ﬁk+sz'ek):| ; (6)

J=1Lk=1

2
AV = \/i{ipk(x% T -ek)} . ™
j=1

k=1

i i

AL . A
In the expressions (4) — (7) Ay =T’k and k’jk :ij shows the displacements, the values of which were
k k

obtained when specimens were separately tested for compression, bending and torsion. Here j is the designation of the
axes (X, Yor Z); k=1, 2, 3 is the number of forces. Force moments are defined as M, = F, -¢, .

Table 3 shows the values of these coefficients calculated for the system “tibia with a fracture — fixing plate”.

Table 3. The displacements 7‘3‘1( x10°, mm/N and X;k x10°> mm/(N-mm) of the fracture points L (farthest from the plate)

and M (near the plate) when fractures were fixed with the «3M» plate

M My My 5 i Ay
k= 4.75 0 0 0.429 0 0.134
k=2 0 0 0.64 0.427 0 0.134
k=3 0 0 0 0 1213 0

Mk My M A 5 Ay
k=1 4.75 0 0 0 0 0.134
k=2 0 0 0.64 0 0 0.134
k=3 0 0 0 0 0 0

The values of the forces Pi, P», P; and the geometric characteristics of the system (distances ei, ez, e3)
in the calculations are taken to be the same as in the experiments (Table 1). The results of determining the mutual
displacements of the parts of the tibia fracture fixed by a medial blocked straight plate are given in table 2 (method II).

The table 2 shows the relative difference between the data obtained by the described methods:

Afjk(l) - Af/‘k(ll)

A= 100 % . ®)

Jk(IT)

Based on the data of the table 2, a satisfactory match between the data obtained in two ways can be noted.
Note that in all cases the results of calculations using the data of separate loadings and reduced displacements slightly
exceed the results of measuring displacements under the simultaneous action of loads P;, P> and Ps. This is due to some
mutual influence of these forces and a decrease in actual loads due to friction in the units of the block-and-lever device.
In general, the differences in the indicators measured in two ways lies within 3 — 6 %, which is at the level
of measurement error.

The data presented confirm the suitability of calculation methods for estimating allowable loads (see Message 1),
since the value of displacements and rotation angles calculated using the reduced displacements x;k = A?k / P,

and X’}k = Ai/k / M, , measured at separate loadings, correspond to real ones, those that arise with three-dimensional

complex loadings. This, in turn, confirms the suitability of using maximum displacement of fracture points or maximum
angles of mutual rotation and relevant criterion relations as the functional reliability criteria for determining allowable
loads (See Formulas (1), (2), (4), (6) given in Message 1).

The described methods for determining displacements in osteosynthesis systems provide an opportunity to
quickly and reliably assess the level of displacements in bone fractures, fixed in different ways, under the spatial force
system. At the same time, it is possible to determine the contribution of each component of loads to the general level
of displacements and the angle of rotation of the fracture parts and, due to this, to determine the dangerous directions
of the loads and their acceptable levels.
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Conclusions

1. A device has been designed and created that allows loading full-scale bone specimens simultaneously
with axial and transverse force and torque. In this case, the method of digital photography can measure the displacement
of various fracture points in different planes and directions.

2. Tests were performed to measure the spatial displacements of the lateral (most distant) fracture point under
complex loading (compression, bending and twisting). The comparison of test results with calculations performed using
simple test data (separate action of compression, bending and torsion), showed a satisfactory match between the results.

3. The proposed method makes it possible to accelerate comparative estimates of the rigidity of different systems
of osteosynthesis on full-scale specimens with simulated fractures or using artificial models made of synthetic
materials.
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IIpocTopose nedpopMyBaHHSI CHCTEM OCTEOCHHTE3Y.
IToBinomiienns 2. ExciepuMeHTa/bHI pe3yJabTaTH

M. C. Hluanoscebkuii, M. M. lumansb, O. I1. 3axoBaiiko, /. I'. Onyabko

Anomauia. [Ipeocmasneni memoouxa eunpobyeanb ma npucmpii O NPOCMOpoOBO20 HABAHMANCEHHS HAMYPHUX 3DA3KIE KICMOK
3 nepenomamu ma 3acobamu Qikcayii i 0OHOYACHUM BUMIPIOBAHHAM B3AEMHUX 3MIWEHb, WO BUHUKAIOMb 6 NEPENOMAX 8 Pe3yIbmani
0ii’ yux nasanmaoicens. Ipucmpiii 003601a€ npukiadamu 00 3pa3Ka NO3008XCHI, NONepeuni 32UHANbHI Ma pOmayiiuHi 0OHOpa308i
ma 00820mMpueani YUKIIYHI HABAHMAIICEHHS, WO MOOeT€E Oif0 CUCeMU HABAHMAXCEeHb Npu X00b0i. Bumiprosanns nepemiwjens
NPOBOOUNU WAAXOM YUuDpo8o2o pomozpaghysants obracmeri neperomy 3 HOOAIbULON KOMN TOMEPHOI0 00POOKOI0 300pajxceHts.
Hasedeno pesyrbmamu mecmosux sunpo6yeans cucmem “‘6enUKO2OMIIKO8A KICMKA 3 MOOENbOBAHUM NeperoMom — Qikcyloya
niacmuna’ npu npocmMoposoMy HAGAHMANCEHHI MPbOMA 306HIWMHIMU CUNAMU, WO BUKTUKAIOMb CMUCK, 32UH MA KPYUYeHHs.
B pesynomami sunpobyeans 6UMIpaHi enuuuHY 83AEMHUX NEpeMilyerb ma KYmu 63AEMHO20 NOBOPOMY YACIUH NEPETOMY.
Cniecmagnenns pesyibmamis eunpodyeans ma pPO3PAXYHKI6 3 GUKOPUCMAHHAM CHiggiOHOuleHb, onucanux 6 Ilosioomnenni 1,
noKa3ano npuoamuicms Memooy, wjo 0ae MOICIUGICIMb ONEPAMUBHO Ma OOCIMOGIPHO OYIHIO8AMU piGeHb nepemiujeHb 8 neperomax
Kicmok nio 0i€ro npocmoposoi cucmemu Cull.

Kniouosi cnosa: ocmeocunmes, biomexaniyni xapakmepucmuku, 8eIUKO2OMIIKO8A KiCMKd, CMUCK, 32UH, KPYUeHHs, nepemiujeHHs
6 nepenomi, Kym nogopomy, Hebe3neuni Ha8aHMadlcenHs, OONyCmume Ha8aHMAadICeHHsL.
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IIpocTpancTBeHHOE 1e()OPMUPOBAHNE CHCTEM OCTEOCHHTE3A.
CoolOmenue 2. JKcnepuMeHTAJIbHbIE Pe3yJIbTAThI

H. C. lIupnosekmii, M. M. [Ipimans, A. I1. 3axoBaiiko, /. I'. Onyabko

Annomayusa. Ilpedcmagienvt MemoouKa UCHLIMAHULL U YCMPOUCMBO 01 NPOCMPAHCMBEHHOU HASPY3KU HAMYPHBIX 00pA3Y08
KOCmell ¢ nepeiomMamu u cpeocmeamu puKcayuu 4 00HOBPEMEHHbIM UBMEPEHUEM G3AUMHBIX CMEUEeHUT, 603HUKAIOWUX 8 NEPeIOMAX
6 pezyibmame Oelcmeusi dMux HaAzpy30K. Ycempolcmeo no36o0asiem npukiaovleams K o0pasya npoooibHble, NONepeyHble
uzeubaowue u pomayuoHHble 0OHOPA306ble U 00J208PEMEHHbIE YUKIUYECKUe HAZPY3KU, YMO MOOeiupyem Oeicmeue Cucmemvl
Haepy3ok npu xoovbe. H3zmepeHuss nepemeweHuti nposoouiu nymem yupposozo gomoespaguposanus obracmei neperoma
¢ nocredyroueti KOMnbIOMepHoU 06pabomrol u300paxiceHuil.

Tlpusedenvr  pezynomamel MeCmMoOGbIX UCHbIMAHULL cucmem ‘6onbuebepyosas Kocmbs ¢ MOOCIUPOBAHHBIM NEPETOMOM -
Qukcupyrowas niacmuna’” npu NPOCMPAHCMBEHHOU HAZPY3Ke MpeMsi GHEWHUMU CUIAMU, YMO 6bl3bl6alom cicamue, uzeud u
KpyueHue.

B pesynomame ucnvlmanuil usmepeHnble 6eudUHbl 63AUMHBIX NePeMeueHUll U Y2Ilbl 63AUMHO20 NOBOPOMA HACMel nepelomd.
Conocmagnenue pe3yibmamos UCNbIMAHULL U PAcuenos ¢ UCROIb306aHUeM coomHouleHut, onucannvlx ¢ Cooowenuu 1, nokazano
NPULOOHOCHL MEmood, 4mo Oaem G03MOICHOCHb ONEPAMUGHO U OOCMOBEPHO OYCHUBANMb YPOGECHb NePeMeUeHull 6 Nepeiomax
Kocmeti no0 deticmeuem nPOCMpaHCMEEHHOU CUCTEMbL CUIL.

Knrouesvie cnosa: ocmeocunmes, OuomexaHuueckue Xapakmepucmuxu, Oonbuiebepyosds Kocmb, cocamue, u3eud, Kpyueuue,
nepemeujeHus 8 nepeiome, Y20 n0gOPOmMa, ONachvle Hazpy3Ku, OONYCMUMAsL HAZPy3Kd.
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