Russian Journal of Biomechanics, Vol. 4, Ne 1: **-** 2000
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Abstract: A new approach to analysing a physiological state of the human tissues is
proposed. The research complex records amplitude-frequency characteristics of the
Achilles tendon and calf muscle system. Resonance curves depend on physical
parameters of the tendon conditioned by the real tissue state in the area of injury. One-
dimensional biomechanical model is developed. The non-homogeneous space
configuration of the tendon and muscles and the interior viscous friction are taken into
consideration. The model describes stationary oscillations of the continuum stimulated by
the local harmonious force. The forms of the resonance curves in the normal position of
the foot, in the straightening and bending ones are established. The acute tear of the
tendon is simulated and the comparison of the computer and real curves obtained by the
research complex is made. A very detailed system of diagnostic criteria is developed.
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Introduction

The accurate diagnostics of the Achilles tendon fractures and the permanent control over the
rehabilitation process is the actual medical problem. Damages of the Achilles tendon
significantly decrease physiological muscle strain, lead to serious functional disorders in
neuromuscular apparatus or even to stable disability. Traditional methods of traumatology for
determining the fracture of the tendon cannot provide the necessary reliability of the
diagnostics. Statistic analysis proves that in 63% of such traumas the diagnostic mistakes are
made. The modern techniques such as X-rays, radioisotopes or magnetic topography
examinations are rather expensive and have restrictions to their application. That is why a new
combined approach to analyse a physiological state of the human shank is considered.

Experimental approach

A stand for vibratory examination of the Achilles tendon state was suggested [1]. The
device (Fig. 1) is composed of a platform with a firmly fixed vibrator (1), a splint for
extremity fixation in the mid-physiological position (2), which is positioned in a firmly fixed
table (3), a platform (4) and a dynamometer (5). The foot (6) is put on the platform and fixed
with the belts. The platform has a rotator mechanism, the axis of rotation coinciding with the
axis of the ankle joint (8). Excitation of mechanical oscillation is brought about by the
electrodynamic vibrator (1) by means of a stock (9) with a tip (10), the oscillation is
perpendicular to the axis of the Achilles tendon. A frequency and amplitude of oscillations are
changed by means of a sound generator (11) and a power amplifier (12). Oscillation
measurements are fulfilled by means of a vibroreceiver-accelerometer (13) which is fixed on
the Achilles tendon close to the vibroconductor with the help of self-adhesive band.
Parameters of the oscillation process, including resonance condition of the muscular-tendon
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Fig.1. Scheme of the research complex for functional diagnostics of the shank tendon-muscular system.

complex, are registered after preliminary intensification (14) of the signal from the
vibroreceiver by a vibrogauge (15), an oscillograph (16) and an automatic recorder (17).

The device is used in the following way. The patient lies on the table, the extremity is
put on the splint and fixed by the belts on the level of the thigh and on the platform for the
foot. Register-accelerometer is fixed by means of self-adhesive band on the level of projection
of the mid-third of the Achilles tendon. The examination may be done in any foot position
and any static effort of foot flexors and extensors.

The equipment records amplitude-frequency characteristics or resonance curves of the
human tendon-muscular complex automatically for different kinds of vibratory excitation and
for various positions of the foot. The characteristic describes the dependence between an
excitation force frequency and the acceleration amplitude of the soft tissues oscillations in the
fixed point on the calf muscle surface. A resonance curve depends on physical and
mechanical parameters of the investigated object conditioned by the real tissue state around
the injury.

Model description

Unfortunately, the serious problems has occurred while interpreting the registered
resonance curves of the damaged tendon or muscle. This issue is connected with the general
aim of the resonance vibratory diagnostics that consists in detecting a defect by analysing the
resonance curves. The problem of defect identification is very complicated especially for
biomechanical systems. In particular, it was shown that the amplitude-frequency characteristic
and the mass of a system used traditionally for identification of mechanical models did not
ensure a univalent determination of the model parametres even in conditions of restrictions to
the model scheme [2]. Therefore, a special computer model is implemented for the estimation
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Fig.2. One-dimensional model of the shank tendon-muscular system and graphs of the model’s physical-

mechanical parametres values along the longitudinal axis z: area of the cross-section Q, cross-section

moment of inertia J, bar viscosity p, density p, elasticity modules E, stiffness of the fundament C, viscous
damping coefficient B of the fundament.

of the experimental data, for a priori prognosis of the bio-object behaviour and its dynamic
characteristics in the cases of various kinds and different degrees of injury.

The non-homogeneous space configuration of the muscles and the other tissues around
the tendon and the interior viscous friction are taken into consideration. At first one-
dimensional model of the tendon-muscular complex is developed. The Achilles tendon with
the soleus and gastrocnemius muscles are described as an elastic bar. The tibia and fibula
bones with the soft tissues form a viscoelastic fundament. The lower head of the femoris bone
and the rise of the heel bone are simulated as clamped ends of the elastic bar. The model is
described by the non-homogeneous viscoelasticity equation [3]

i (EJazu] i ( J 63u] F 0 s cup
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P(z,t) = P d(z —zp) sin(wt),
where u(z,t) is the transverse displacement; E is the elasticity modulus of the bar; J is the
cross-section moment of inertia; Q is the area of the bar cross-section; p is the density of the
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tendon-muscular complex; p is the bar viscosity recalculated for plane strain state; C is the
stiffness of the fundament; B is the viscous damping coefficient of the fundament; F is the
longitude stretching force due to foot rotation. The vibration excitation is modelled by the
harmonious external force P(z,t) applied to the Achilles tendon at the point z, with the
vibration frequency w. It influences the stationary oscillations of the system (Fig. 2).

The density p, the Poisson's ratio v and the viscosity p of the Achilles tendon are taken
from the reference [4]. The elasticity modulus E is obtained from the experiment. The cross-
section area Q and the cross-section moment of inertia J are calculated using the results of the
natural geometrical measurements of the shank and the data of topology of the shank taken
from anatomic atlases.

The values of the stiffness of the fundament C are obtained for 5 cross-sections of the
shank. The Achilles tendon with the soleus and gastrocnemius muscles are assumed to be a
rigid body surrounded by the other soft tissues. So every shank cross-section is represented as
a multiply connected area. Surface forces f, on their boundaries in every cross-section are
calculated by the boundary element method [5]. Then the equivalent force is computed as

Q,=§ f,(@dTy, a=a(xy),

where T" is the boundary of the shank cross-section. The stiffness of the fundament is
calculated on the assumption of unique rigid body displacements
C=Qy/uy, uy=1mm.
Lamb's formula for the case of rigid body movement in viscous liquid is used for
calculation of viscous damping coefficient  of the fundament [6]

Amp ¢
B:
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where s and pr are viscosity and density of the fundament taken from the reference [4],
respectively; a and b are the half-axes of the ellipse as a model of the tendon-muscular
complex cross-sections; V is the velocity of the body moved in the liquid. To avoid non-linear
problem solving the value of V computed on the previous step of the frequency scanning is
used for the calculations on the next step.

Numerical results analysis

The algorithm developed was used for modelling the normal state of the shank tendon-
muscular complex of the chosen volunteer (the healthy man 25 years old) and the defect state
with fresh Achilles tendon fracture. Basic differential equation was solved by the finite
element method. An estimation of the longitudinal force in the neutral foot position was made
by the solving the non-linear problem of the muscle straining from its non-deformed state to
the actual one. A rotation of the foot influences the additional longitudinal force which was
evaluated in the similar way. Nodal coordinates were recalculated automatically. The
resonance curves of the idealised tendon-muscular model are shown in Fig. 3. Deviations of
the first and second resonance frequency values from ones assessed experimentally are lying
in the range of 1.7-4.2 %.

In clinical practice, one of the aims is to diagnose the tendon-muscular complex state.
It means the finding out the presence of injury and its location and also the definition of kind
and degree of injury. We have simulated the fresh (1-7 days after breaking) fracture of the
tendon at the different distances from the heel bone and made the comparison of the computer
characteristics of the injured tendon with the real curves obtained by the research complex.
For the Achilles tendon fracture simulation, the complementary finite element with zero
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Fig.3. Simulated amplitude-frequency characteristics of the Achilles tendon-muscular system without defects
at the distance of 12 cm from the heel bone (z=0.12 m) versus the different values of the foot rotate angle o
and corresponding values of the longitudinal force F.

elasticity modulus was incorporated into the numerical model because the place of injury is
ordinary filled by an inner liquid. The muscle’s elasticity modulus decreasing is taken into
consideration, too. The results of modelling are presented in Fig. 4. After analysis of them a
very detailed system of diagnostic criteria was developed. All of them are mathematically
expressed in terms of the values of resonance frequencies and amplitudes in three foot
positions mentioned above. The most informative and reliable criteria of the acute Achilles
tendon tear can be formulated as follows.

1) Alterations of frequency-resonance range of the tendon-muscular complex in the
injured and contralateral (healthy) extremities in flexion (bending), extension (straightening)
and neutral foot positions

AQ® = (%% - O%iat) 1 Q¥

AQ® = (%5 - QP oiar) 1 QP
where Qsoinj, 0% are the differences of resonance frequencies in straightening and neutral
positions for the injured and contralateral extremities; QSbin,-, Q% are the differences of
resonance frequencies in straightening and bending positions for the injured and contralateral
extremities , ) . .

Q¥ =W’ -W", Q=W -W°

where W%, W°, W" are resonance frequencies in straightening, neutral and bending positions
for injured and contralateral extremities (indexes «jnj» and «a» are not written for simplicity
here and below). Diagnostic sign is the narrowing of the resonance-frequency range in the
extension-neutral and extension-flexion positions: AQ® <0, AQ® < 0.

2) Alterations of amplitude-resonance range of the tendon-muscular complex in the
injured and contralateral extremities in bending, straightening and neutral foot positions

AAY = (A, - A1) T A
AA® = (A% - A% ) [ A%
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Fig.4. Simulated amplitude-frequency characteristics of the injured Achilles tendon-muscular system at the

distance of 12 cm from the heel bone (z=0.12 m) versus the different values of the foot rotate angle o and

corresponding values of the longitudinal force F. The point of breaking is located at the 6 cm distance from
the heel bone (z=0.06 m).

where Asoin,-, A%« are the differences of resonance amplitudes in straightening and neutral
positions for the injured and contralateral extremities; AObinj, A% are the differences of
resonance amplitudes in neutral and bending positions for the injured and contralateral
extremities
ASO:AS —AO, AOb:AO—Ab,

where A%, A%, AP are resonance amplitudes in straightening, neutral and bending positions for
injured and contralateral extremities. Diagnostic signs are the narrowing of the extension-
neutral amplitude range and the rise of the neutral-flexion amplitude range: AA® <0, AA® >
0.

3) Alterations of the quantity of peaks on the resonance curves in the injured and
contralateral extremities in bending, straightening and neutral foot positions

AN® = (0% - N°a) / NPetar, AN°= (% - NOoae) 7 n%iar, AN®= (i - Moota) / Moot

where N"inj , N eat non,- 1%t N%inj , N’ @re the numbers of peaks on the resonance curves
in every foot position for the injured and contralateral extremities. Diagnostic ~ signs  are
smoothing of the resonance curve and decrease of the number of resonance peaks in every
foot position: An°< 0, An° <0, An®< 0. This sign is theoretically observed as smoothing of
the calculated characteristics.

For the simulated tendon tear with the amplitude-frequency characteristics shown in
Fig. 4, the numerical values of the frequency criteria calculated by utilising the non-defective
resonance curves of the contralateral extremity (Fig. 3) are equal to

AQ® =-100 % and -83 %, AQ® =-112.6 % and -120 %
for the first and second resonances, respectively. And the amplitude ones are equal to
AA® =14 % and 32.2%, AA*=-31.3% and -15 %.
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To make a conclusion on the tendon-muscular complex state we should take into
consideration every criterion together with its partial significance. So we have also introduced
a point-system (ki) for evaluating the diagnostic signs depending on the their types and
meanings. Each of the most significant frequency criteria can take 2 points if it is fulfilled and
0 if not. The other criteria can have values between 1 and 0 depending on the same conditions.

Reliability of presence of the tendon tear is characterised by the total quantity of
diagnostic signs, the sum of percents of all the diagnostic signs (S) and the reliability index
(1), which are calculated by the formulas

S = AQV+ AQ® - AA® + AA™ + AR+ An® + AR,
I = X ki/Kx 100 %,
where K is the maximal possible quantity of points k;, here K = 9. The greater are these
magnitudes, the more reliable is the Achilles tendon tear.

Discussion

The examinations using the developed equipment was made in the War Veteran
Hospital (lvanovo, Russia). Over 100 amplitude-frequency soft tissues characteristics of
damaged and normal extremities were examined. Amplitudes and frequencies of resonance
oscillations were used as informational parameters. The statistical analysis of the data showed
the following parameters of the first resonance for pushing and non-pushing extremities,
respectively: resonance frequency 43.1+2.24 and 45.1+1.12 Hz; energy dissipation factor
2.2+0.09 and 2.1+0.08. These characteristics reflect stiffness of tendon-muscular complex and
its interaction with surrounding tissues.

We have applied the criteria system described for investigating the shanks of 14
patients with acute Achilles tendon tears. All of them underwent the vibration examinations
and the following surgical operations in the period from 1 to 5 days after tendon breaking.
The tendon edges divergence (diastasis) averaged one centimetre. The injures were located
over the heel bone in the range of 4-7 cm.

The investigation has showed that in patients with acute Achilles tendon tearing
AQ®=1.8+0.1 points, AQ®=1.9+0.1 points. These signs are the most significant
characteristics of acute subcutaneous Achilles tendon tear. The characteristics of lesser
importance are diagnostic signs concerning alterations in peaks quantities in amplitude-
frequency characteristics of the tendon-muscular complex of the injured and contralateral
extremities in flexion, extension and zero foot position: An® was 0.9+0.1 points; An° and An®
were 0.840.1 points each; the same concerned AA”™ and AA®.  The sum of points (X k)
of the above mentioned signs in this group of patients was equal to 7.8+0.3 points with the
possible maximum of 9 points. This sum and the reliability index (1=86.5+3.1%) confirm the
diagnostic value of the suggested method. The intensity of diagnostic signs in absolute
calculation (total percent S) was equal to 369 + 14%. The large magnitudes of S prove the
Achilles tendon tear.

Conclusions
The elaborated method of diagnosing functional condition of the tissues under the
influence of low-frequency local vibration allows to diagnose a subcutaneous Achilles tendon
tear, the reliability being 86.5+3.1%. Thus, the elaborated method and automatic equipment
for vibrodefectoscopy of the tendon-muscular complex of the lower leg allow to introduce
into clinical practice other effective diagnostic signs of the tendon condition in the regime of
local vibratory examination and predict alterations in the amplitude-frequency characteristics

of the soft tissues system for various types of injuries.

7



Russian Journal of Biomechanics, Vol. 4, Ne 1: **-** 2000

Acknowledgements
The authors would like to thank Prof. S.E. Lvov, the Chair of Traumatology and
Orthopaedics Department of the Ivanovo State Medical Academy, and Doctor S.V. Rudskih
for numerous medical consultations and the help in carrying out clinical investigations in the
War Veteran Hospital (Ivanovo, Russia).

References

1. MANbIWEB W.B., HASOPWH H.A., LWWAMH B.L., LWABEJIEB B.J1. CteHg ans BuGpoanmarHoCTUKK
axunnoBa cyxoxunus. NateHt PO Ne2077266, 5.U. Ne11, 1997 (in Russian).

2. TPEMYBOB B.I1. NgeHTudukauna mMexaHMYeckmx mogenen xmebix cuctem. IV Poccuinckas
kOH(pepeHuna no buomexaHvke "BruomexaHuka-98", H. Hosropoa: 86, 1997 (in Russian).

3. MACHNOB J1.b., WWAMNWH B.U., NbBOB C.E. OgHomepHast ouHamMmumyeckasi MOAEMNb CYXOXWUIbHO-
MbILLIEYHOro komnnekca. KoHBepcusi, MallMHOCTPoOeHue, pbliHOK. Martepuanbsl MexgyHapoaHom
koHdpepeHunn, Bnagummp: 186-189, 1997 (in Russian).

4. OBPA3LOB UN.0., ADAMOBUY N.C., BAPEP A.C. MNMpo6nembl NPpO4YHOCTM B GMOMexaHuKe.
MockBa, Bbicluas wkona, 1988 (in Russian).

5. KPACHOLLEKOB B.B., MACJIOB J1.b. lporpaMmHbIi KOMMIEKC rPaHNYHO-3/IEMEHTHOIO aHanusaa.
B.E.A. Katanor yue6Horo npopammHoro o6ecneyenums, 3: 110-111, 1995 (in Russian).

6. LAMB H. Hydrodynamics, Cambridge University Press, London, 1932.

BUBPOMEXAHWYECKUE OAUWATHOCTUYECKUE NMPU3HAKU CBEXUX
PA3PbIBOB AXUJIJTOBA CYXOXUINA

J1.B. Macnos, B.U. lLlanuH

B cratpe paccMOTpeH HOBBIM MOJIXOM K ONPEAETICHNUI0 (PU3UOTIOTHUECKOTO COCTOSHUS
MATKMX M TBEpAbIX TKaHEW 4eloBeKa, OCHOBaHHBII Ha aHaAlW3€ JMHAMUYECKOIO OTKJIMKa
OMOMEXaHMYECKOro OOBEKTa Ha TapMOHHUYECKOE BO30YXKJEHHWE C YaCTOTOW, IUIAaBHO
MEHsIoIIeHcsT B 3afaHHbIX mpenenax. Pa3pa0oTaH MEIMIMHCKUI  KOMIUIEKC — JUIS
BUOPAIIMOHHOTO OOCIICZIOBAaHMSI COCTOSIHUS aXWJIJIOBA CYXOXKWJIHSI U OKCIIEPHUMEHTAIBHO
OoOHapyKEeHbl TUHAMHUYECKHE PEAKIIMU MBIIIEYHO-CYXOKUIbHON CHUCTEMbI I'OJIEHU 4YelOoBeKa
Ha JIOKaJbHOE BUOpalMOHHOE BO30yXkaeHHe. KadecTBEHHBI XapakTep U YHCIOBbBIE
napaMeTpbl PETUCTPUPYEMBIX aMIUIUTYJHO-YAaCTOTHBIX XapaKTEPUCTUK CYLIECTBEHHBIM
00pa3oM 3aBUCAT OT JEHCTBHUTEIBHOTO COCTOSHUS TKaHEH B obOmactu TpaBMmbl. Ilpum sTOoM
YCTAHOBJIEHHE SICHOM B3aMMOCBA3M MEXAY XapaKTEpHBIM JIe(PEKTOM CUCTEMbI (B Hallem
Clydae - CBEXHM pa3pbIBOM axXWJUIOBA CYXOXKWIHS) W HaOMI0aeMbIMU M3MEHEHHUSIMHU B
aMIUTUTYAHO-4YaCTOTHBIX XapaKTepUCTHKaX CYXOXHJIbHO-MBILIEYHOTO KOMILJIEKCa
HEBO3MOXKHO 0e3 aHanm3a JedekTa Ha Kakou-mubo moxaenu. B pa3zpaboTaHHON KOHEYHO-
9JIEMEHTHOM MOJIeNM axWJIOBO CYXOXKWJIME BMECT€ C MPHUKPEIUIEHHBIMH K HEMY
KaM6aJIOBI/IZ[HOf/'I U 4YaCTHU4YHO HKpOHO)KHOfI MbIIaMH  MPEACTABJICHO B BHUAC CTCPXKHA
MEPEMEHHOI'0 CEUeHMs], IUIOTHOCTH U MOJYJsS YHNPYrocTH. Msrkue TKaHH, OKpY)Karollue
CYXOXKMJIME W JieKalue Ha OoybIIoN M Majiol OeploBOi KOCTH, MPEICTABISIOT YHPYro-
neMdupyroliee  OCHOBaHME, XapakTepusyromieecss Kod(pQUIMEHTaMH  KECTKOCTH U
nemrupoBanus. BHemHee  BO3MYIIEHHWE  TPEACTABIAET  TApMOHHYECKYIO  CHILY,
IPUIIOKEHHYIO JIOKAJIbHO B (DUKCHPOBAaHHOW TOYKE Ha MPOJOJIbHONH OCH CTEpXKHS, U
BBI3BIBAIOITYHO CTAlIMOHAPHBIC TOTICPCUYHBIC KOJe0aHUsI CUCTEMBI B CAaIrTUTAIILHOMN IIJIOCKOCTH.
VYcTaHOBIIEH BHUJ HACAIbHBIX PE30HAHCHBIX KPHMBBIX CYXOKHJIBHO-MBIIIEUHOW CHUCTEMBI
TOJICHU TIPU PAa3JIMYHBIX yIJIax TMOBOPOTA CTOIBI (HOpMabHOE (PU3MOIOTHYECKOE TTOI0KEHHE,
MakcUMalibHOe pa3rubanue u crubanue). [IpoBesaeHO MoOJeNTUpOBaHHME CBEXKETrO pPas3phiBa
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aXMUJUIOBA CYXOXKHWIIMS, M pa3paboTaHa CHCTEMa JMArHOCTHUECKUX MPU3HAKOB, BKJIFOYAIOIIAS
B ce0s CeMb OCHOBHBIX MEXaHHYECKHMX ITapaMETPOB, IMOJIYY4aeMBIX PACUCTHBIM ITyTEM IIO
3HAYCHUSM PE30HAHCHBIX YACTOT M aMIUTUTY/ B Pa3IUYHBIX MOJOKCHHUSX CTOIBI MAI[HCHTA.
DrTo maer Bpady, He 0O0JamaroiieMy TIyOOKHMH 3HaHHSMH B O0JACTH MEXaHHKH,
BO3MOYKHOCTh IO JKCIEPUMEHTAIBHBIM JaHHBIM JOCTATOYHO OBICTPO M TOYHO TOCTABHTH
JMAarHo3 O HAJIMYKME paspbiBa CYXOKUIHs. PaspaboTaHHOE THATHOCTHYECKOE 00OPYAOBAaHUE U
METO/IMKA aHaJIn3a PErUCTPUPYEMbIX PE30HAHCHBIX KPUBBIX MPOIUIH YCICHIHYIO alpo0ainio
B TOCIHTaje BETEPaHOB BOWH TI. MBaHOBO Ha 0a3e MEKBY30BCKOH J1abopaToOpHH
onoMmexauuku. buoi. 6.

KirroueBbie croBa: kosieOaHus, pe30HAHC, aXMIIJIOBO CYXOKHITUE, YACIICHHAS] MOJIENb, Pa3phIB,
KOMIThIOTEPHOE MOJICITMPOBAHUE, TUATHOCTHUKA
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