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THE VARIETY OF FACTORS THAT INFLUENCE THE
BIOMECHANICAL PROPERTIES OF THE LIMB SKIN DURING
LENGTHENING
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SUMMARY

The aim of this work is to analyze the influence of some factors on biomechanical behavior of the human
skin in natural growth and in graduated lengthening with application of the Ilizarov fixator.

45 healthy individuals of various age and 104 patients suffering from congenital shortening of one lower
limb or osteomyelitic sequelac have been examined. The limb discrepancy was eliminated by mono- and
bilocal osteosynthesis with application of the Ilizarov fixator. The amount of lengthening comprised 3 - 14
cm, its relative value achieved 6 - 30%. Distraction started in 5 days following fixator placement.

Biomechanical parametres were determined with the help of the device designed by A.A. Utenkin. The
method allows for studying skin deformation properties - shift stiffness (S, kg/mm?) by minimal in time
loading but constant in value moment, as well as for calculation of the amount of relative deformation
(stretching, &, %). The work reports on the effect of different factors — structural and age ones, conditions of
reparative lengthening and processes of regeneration — on the mechanical behavior of the limb skin in short-
ening of different etiology and gradual traction for equalizing limb length.

There is a number of factors having influence on the skin biomechanics of the human extremity: 1 -
structural peculiarities of the collagen bundles and elastic fibres in the papillary and reticular dermis layers
(collagenous fibres make up 98% of the connective dermis tissue and provide its high stiffness). The con-
formation principle of the collagenous and elastic fibrillas and fibres is their spiral character. 2 - the type of
the collagen viscosity in the dermis, especially in its deep layers; 3 - age factor; 4 - an amount and etiology
of limb shortening in patients with the locomotor system orthopaedic pathology; 5 - the method of limb
shape modeling (lengthening and deformity correction) in the conditions of the guided transosseous osteo-
synthesis (mono- and bilocal osteosynthesis); 6 - skin regeneration (Ilizarov effect) as a consequence of the
formogenetic effect appearing in the conditions of tension stress.
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INTRODUCTION

Human skin has a number of important func-
tions. It covers the entire human body and de-
fends the underlying tissues from injuries and
impacts. Its total surface in an adult person
comprises 1.5-2.0 square metres while its vol-
ume is 1/6" - 1/7" part from the entire body. The
skin structure in humans has a particular differ-
ence from that of the animals caused by a phy-
logenetically conditioned upright human stature,
absence of hair integument and social existence
(Ye.V. Vinogradova, 1975). The human skin is
also characterized by its lower mobility relevant
to the underlying tissues and by a larger diameter
of collagenous bundles in the transverse section
(100-200 pm in a human and 30-40 pm in a
pig).

When modelling the limb shape (lengthening
and/or thickening) all the components of the
segment under lengthening turn to the condition
of tension and deformation. As previously stated,
a successful surgical lengthening depends upon a
stable osteosynthesis, low traumatism of the sur-
gical intervention, a full blood supply, an opti-
mal rate and frequency of distraction, preserva-
tion of the limb function. All these conditions

have been mostly referred to bone regeneration
while the influence of various factors on soft
tissues, surrounding the lengthened bone, has
been less intensively studied. And while definite
success has been achieved in studying morpho-
logical parametres of soft tissues during limb
lengthening in experiment on animals, the re-
search of human limb soft tissue structural and
functional reconstruction in vivo has been insuf-
ficient.

Functional and radioanatomical soft tissue
changes during limb lengthening have been stud-
ied previously in achondroplastic patients and
other orthopaedic pathology (5, 6, 17, 18). But
some problems are still to be solved. It refers to
the changes in biomechanical skin properties due
to the patient's age. The difference in skin condi-
tion during various lengthening techniques has
been also little studied.

The aim of this work is to analyze the influ-
ence of some factors on biomechanical behavior
of the human skin in natural growth and in grad-
ual lengthening with application of the Ilizarov
fixator.

MATERIALS AND METHODS

45 healthy individuals of various age groups



and 104 patients suffering from congenital short-
ening of one lower limb or osteomyelitic sequelae
have been examined. The limb discrepancy was
eliminated by mono- and bilocal osteosynthesis
with application of the Ilizarov fixator. The
amount of lengthening comprised 3-14 cm, its
relative value achieved 6 - 30%. Distraction
started 5 days after the fixator placement (3).

Biomechanical parametres were determined
with the help of the device designed by A.A.
Utenkin (22). The method allows of studying
skin deformation properties - shift stiffness (S,
kg/mm’*degree) by minimal in time loading but
constant in value moment, as well as for calcula-
tion of the amount of relative deformation
(stretching, &, %). The device has a small size
(its working part in the shape of a ring is 28*20
mm). The maximal shift tension was 0.00840
MPa, the maximal rotational moment comprised
10.8 mm.

The studied skin area was located on the an-
teriorlateral surface in the middle tibial third.
The patients were positioned horisontally, the
knee joint angle counted 180D. The measure-
ments were performed before surgery, during
distraction and fixation, as well as 2-12 months
after the lengthening completion.

RESULTS AND DISCUSSION

Age dependence of the limb skin deformation
properties

The age dynamics of shift stiffness and
amounts of relative deformation was followed
for the humerus, forearm, femur and tibia in
healthy individuals (9). The femur and tibia
showed an exponential dependence between the
values of the lower limb skin relative deforma-
tion and age:

Femur € =11.321%¢ > +=0.46 P 0.05

Tibia € =3.0316 ¢ “****"P  r=0.51 P 0.05
€ - the value of a relative skin deformation or
stretching (%), e - a base of a natural logarithm
equal to 2.71, T - age in years. The other me-
chanical parametre is an amount of the skin shift
stiffness that is determined according to the re-
gression equation:

Femur S=0.0083* T+0.0192 1=0.62 P 0.01

Tibia S=0.0095* T+0.0412 r=0.44 P 0.05

(T is age in years). As it comes out of these
relations, the index of relative deformation de-
creased with age while shift stiffness increased
(10).

Morphological research data show that infan-
tile skin is considerably thinner than an adult one
(II). So, in babies the dermis is 1.5-2 times thin-
ner than in adults but the subcutaneous fat cellu-
lar tissue differs little from its condition in an
adult individual. The reported works (13, 14)
mention that collageneous dermis fibres in early
childhood consist of friable bundles that grow

thicker and denser to the age of 10-12, they be-
come much more twisted and interknitted. Der-
mis continues thickening up to the age of 16-30.

Light microscope investigation data testify
that the fibrous structures of the skin in 5-9-year
old children and adults are similar (15). The
study of dermis elements ultrastructure of a
normal infantile skin revealed some peculiar fea-
tures as compared with adults (1). It refers to the
structure of collagenous fibrillas, the width of
their periods is less and comprises 450 — 500 A.
A large amount of fibrous material was discov-
ered near collagenous and elastic fibres and testi-
fies that fibrous substances are actively synthe-
sized during childhood. Therefore, the age dy-
namics of biomechanical properties of human
skin is determined by its various structural fea-
tures. Mechanical properties of the skin in the
limb segments are influenced greatly by the type
of collagenous viscosity in the reticular dermis
layer. As reported by some scientists, there are
not only age but also topographic peculiarities in
the skin structure. The location and relations of
the collagen fibres have a great influence on the
dermis deformation features (14).

On the whole, the viscosity type of the human
limb skin is characterized by its layers; colla-
genous fibres are positioned in parallel layers;
rigid or weak relations of the dermis collagenous
frame with a subcutaneous cellular tissue or
structural relations with fasciae are possible in
various areas.

The dependence of collagenous fibres thick-
ness on the depth of their positioning was also
revealed. They are the thickest in the dermis re-
ticular layer (24).

The surface of the collageneous bundles
transversal section in the skin of young people is
considerably less than in old subjects and com-
prises 0.4 mm’ for the limb skin (16, 23, 24). As
reported (23) the skin on the lateral tibial surface
has additional bundles oriented almost perpen-
dicularly or tangentially to the skin surface thus
providing its greater stiffness and less stretching
as compared with the medially located areas.

Our research (9), when shift stiffness abso-
lute values were compared in the individuals of
the same age, has revealed that the stiffness of
the humerus and femur skin is considerably
lower than the corresponding values in the fore-
arm and tibia.

Thus, the regional difference in the skin rela-
tive deformation and elasticity is determined by
the dermis structure and the type of the mutual
interknitting of collageneous and elastic fibres,
the epidermis structure and the boundary area
between the epidermis and the dermis. The skin
structure as well as underlying tissues play a
decisive part in the process of skin relaxation
(20).



In some diseases (desmogenesis imperfecta)
the skin is easily torn which is caused by the in-
sufficient development of the collagenous struc-
tures.

As it was reported in the literature the main
structural components of the skin that take the
mechanical loading are collagenous fibres that
are well wound spirally (4). The conformation
principle of the dermis collagen at various struc-
tural levels is its spiral character (14). The poly-
peptid chains and collagen macromoleculas are
spiral, fibrillas are spiral too. Spiral orientation
was revealed in the architechtonics of other tis-
sues - muscular bundles, tendons, vessels' walls,
dura mater and even in the long tubular bones
(21).

According to many researchers the appear-
ance of spiral structures, in long bones in par-
ticular, is caused by the effect of twisting that is
revealed in the period of human phylo- and onto-
genesis. According to Ph. Fouques the twisting
of the musculus latissimus dorsi and musculus
pectoralis major is found in the human embryo at
early stages of its development while this phe-
nomenon is not noted in animals (21, p. 130).
Ph. Fouque associates this twisting with the up-
right human stature. Thus, spiral shape of the
architechtonics is one of the principles in macro-
structure organization; this refers also to the
skin. The biological essence of the spiral shape
of the skin structural components lies in the for-
mation of the definite mechanical tissue proper-
ties, i.e. relative deformation, viscoelasticity and
stiffness

Deformation properties of the skin during
limb elongation. The biomechanical skin proper-
ties of the shortened tibia in patients with a con-
genital limb anomaly depend on the amount of
shortening. Thus, the index of relative deforma-
tion of the shortened limb & (%) in the preopera-
tive period had a nonlinear dependence from the
anatomical limb length (L, cm):
£ =0.8225 + 13.352 e *'¥". Mathematical de-
pendence of the skin shift stiffness S (kg/mm)
from the anatomical tibial length L (cm) has
been found:

S=0.0013L +0.0118 r=0.8225, P<0.05

In the other conditions the dependence of the
deformation on the length of the skin sample was
also nonlinear (7).

By the end of the graduated monolocal tibial
lengthening a considerable decrease in the index
of skin deformation in the operated segment was
noted, that was II times less in children and 15.8
times less in adult patients (§ = 0.05 - 0.6%). In
12-14 year old children the decrease in deforma-
tion properties of the tibial skin during distrac-
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PO ®AKTOPH, AKI BINVIMBAIOTbB HA BIOMEXAHIYHI
BJIACTUBOCTI IKIPHU KIHIIBOK IIPHU ITOAOB’KEHHI

I'pedentok JI.A., Tlomko A.B., Illypos B.A.
Pociiicpkuii HaykoBHii IeHTp "BinHOBIIOBaNbHA TpaBMaTosorist i opronexis” im. I'.A. Tnizaposa

PE3IOME

Mera poOoTH mojsrasia y BHBYECHHI BIUIMBY AESKMX YHHHHWKIB Ha OiOMEXaHIUYHy NOBEIIHKY MIKipH
KiHIIIBOK Y IIpolieci NPUPOAHOIO 3pPOCTaHHS 1 J030BaHOIO PO3TATY 3a JOINOMOIOK amapaTta lmi3aposa.
Ob6cTexeHo 45 310pOBUX JTI0JEH pi3HOMaHITHOTO BiKy 1 104 mamienTH 3 NpUPOIKEHUM YKOPOUEHHSIM OfIHI€T 3
HIDKHIX KIHIIBOK a00 3 HacliJKaM{ IEepPEeHECeHOro ocreoMiemiTy. [10JoBKeHHs 3iHCHIOBAIN 32 METOJOM
MOHO- 1 O1JIOKaJIBHOTO OCTEOCHHTE3Y 13 3acTocyBaHHAM amapata liizapoBa. TepMiH HOIOBXEHHS CKiaiaB 3-
14 cM, BiHOCHE MOJIOBKEHHS — 6-30%. JIUCTpaKilo 3/iCHIOBAIN Ha 5 IEHb MiCJIs HAKJIAAEHHd anapary..

BiomMexaHIYH1 XapakTepUCTHKH BU3HAYANM 33 JONOMOroio npunany A.A. YTeHbKiHa,
aHATI3YI0UM Taki Ae(popMalliliHi mapaMeTpu: 3CyHyTy XKOPCTKICTh (S, Krc/MM™ rpai.) mpu
HOCTIMHIM BEJIMYMHI HAaBAHTAKEHHS, IO IOJAETHCS, 1 BEJIMYMHY BIAHOCHOI Iedopmariii
(&,%). Y po0oTi onucyeThCs BILUIUB PI3HOMAHITHUX YMHHHKIB Ha OIOMEXaHIYHY ITOBEAIHKY
YKOPOUYYBAHOI KIHIIIBKM PI3HOMAHITHOI €TIONOrii — CTPYKTYypHHX, (akTopa BiKy, BUAY
METOJUKH II0JI0OBKEHHS Y IIPOLIEC] 3pIBHIOBAHHS JOBXXUHU KIHIIIBKU. o

Jlo TakuMX 4YMHHHUKIB BIJHOCATH: 1 - 0cOONMBOCTI OyZiBil KOJAreHOBHX ITy4uKiB 1
€JIaCTUYHHUX BOJIOKOH COCOYKOBOI'O 1 CITHYATOTO IIapiB IIKIpH (koJylareH ckianae 98%
€IHAIbHOI TKAaHWHU JepMH 1 3a0esmeuye ii BHCOKY 3kOpcTKicTh). Kondopmauiinum
HPI/IHI_[I/IHOM 6y,Z[IBJIl KOJIar€cHOBHUX ITYYKIB € 1X CIIIPpAJICBHUIHA 3BUI/IT1CTB; 2 — Tan KOJIareHoBO1
B'SI3M B JepMi, OCOOJIMBO B TIMOOKHMX Iapax; 3 — BIKOBUI YMHHUK; 4 — BeJIUYMHA 1



€TIOJNIOTi YKOPOUYYBAHHS y XBOPHX 3 OPTONEIUYHOIO IIaTOJIOTIE€I0; 5 — METOAUKA
ONEPaTUBHOTO MOJENIOBAHHS pO3MIpiB 1 (GoOpMH KIHIIBKM B yMOBAaX YPECKOCHOIO
OCTEOCHHTE3y (MOHO - 1 OUIOKQJIBHUM OCTEOCHHTE3); 6 — PpEreHepaTOpHi MPOLECH Yy LIKIpl
CEIMEHTY, fKI IOJOBXKYIOTh KIHIIIBKH, K HposiB «edekTy lnizapoBa» B ymMOBax Hampyru
po3TAry.

K/TIO90BI C/IOBA: 6iomexaHiYHA TOBEIIHKA IIKIPU JIIOJUHH, MPHUPOJHE 3POCTAHHS,

JI030BaHUM po3Tsr, anapart lnlzapoBa, KiHIiBKa

O @PAKTOPAX, BJIUAIOHIUX HA BHUOMEXAHHNYECKHUE
CBOMCTBA KOXXHM KOHEYHOCTHU MNPU YIJUHEHUU

I'pedentok JI.A., Tlomkos A.B., Illypos B.A.
Poccuiickuit HayuHslil neHTp "BoccTanoButenbHas TpaBmaTonorus u opronequs” uMm. I A. Mnuzaposa

PE3IOME

HGJ'H) pa6OTLI COCTOsJIa B U3YUCHUHN BJIMSAHUA HCKOTOPBIX (baKTOpOB Ha OMOMEXaHUYECKOE IIOBCICHHUEC KO-
KM KOHEUHOCTEH B nponecce €CTCCTBCHHOI'0 poCTa U AO3UPOBAHHOI'O PACTSKCHHS C IOMOIIBIO almapara
Wim3aposa. ObcnenoBaHo 45 30pOBBIX JIIOJEH pa3imdHOro Bospacra n 104 manmeHTa ¢ BpOXXIEHHBIM YKO-
pOUYCHUEM OﬂHOﬁ W3 HIDKHAX KOHEYHOCTEH WJIH C MOCICACTBUAMU IICPCHECECHHOI'O OCTCOMUCIINTA. YHJ'H/IHGHI/IG
OCYIICCTBJIAJIN IO MCTOAUKE MOHO- U OMJIOKAJILHOIO OCTEOCHUHTE3a C MNPUMCHCHUECM allllapara I/IHI/BapOBa.
Bennuuna yumHenus cocraBisuia 3-14 oM, oTHocuTenbHOE yaunHeHne — 6-30%. JIucTpakumio ocymecTBIIs-
JIM Ha 5 JICHDb TIOCJIC HAJIOXKCHUSA arliapara.

bromMexaHnnueckne XxapakTepUCTUKUA ONPEIENSUIN C TOMOIIbIO ycTpoiicTBa A.A. YTeHb-
KHHA. AHAJU3MPOBAIM CIICAYIOIIHUE Ne(GOPMAlMOHHBIE TIAPAMETPBI: CIBUIOBYIO KECTKOCT
(S, xrc/MM” Tpajl.) Ipu MOCTOSIHHOM BETHUYMHE MPHUJIAraeMoi Harpy3kud M BEJIHMYUHY OTHO-
cutenbHO nedopmanuu (&, %). B pabore onuceiBaeTcs BIUSAHUE PA3IUUHBIX (PAKTOPOB HA
OMOMEXaHUYECKOE MOBEICHUE YKOPOUCHHOW KOHEYHOCTH PA3IMYHON 3THOJIOTUU — CTPYK-
TYpHBIX, (paKTOpa BO3pacTa, BUJa METOJUKU yIJIMHEHHUS B MPOILIECCE YPAaBHUBAHUS JIMHBI
KOHEYHOCTH.

K Takum ¢akropam oTHOcsTCS: 1 - OCOOEHHOCTH CTPOSHUSI KOJUIATC€HOBBIX MYYKOB U
AMACTUYECKUX BOJIOKOH COCOYKOBOT'O M CETYATOTO CIO0EB KOXKU (KoJutareH cocrasiisieT 98%
COCTMHUTEIILHON TKaHHU JEPMBI U 00ECIIEUUBACT €€ BBICOKYIO KecTKOCTh). Kondopmarm-
OHHBIM IMPUHIUIIOM CTPOEHHUS KOJUIAr€HOBBIX MYYKOB SIBJISETCS UX CIHUPATIEBUJIHAS U3BU-
TOCTh; 2 — TUII KOJUTAT€HOBOU BS3H B JIepMe, OCOOCHHO B IITYOOKHX CIIOSIX; 3 — BO3PACTHOM
bakrTop; 4 — BeMMUMHA U ITHOJIOTHS YKOPOUCHHS Y OONBHBIX C OPTOMEANIECKON MaTOIOTH-
eif; 5 — MeToMKa OMepaTUBHOTO MOJCIUPOBAHUS pa3MepoB U (HOPMBI KOHEYHOCTH B YC-
JIOBHSIX YPECKOCTHOTO OCTEOCHHTE3a (MOHO- U OMIIOKAJIbHBI OCTEOCHHTE3); 6 — pereHepa-
TOPHBIE MTPOIIECCHI B KOXKE YATUHIEMOTO CErMEHTa KOHEYHOCTH KaK MpOosBIeHUE «d(deKTa
NnuzapoBa» B yCIOBUSIX HANPSKEHUS PACTKEHUS.

K/TIOYEBBIE CJ/IOBA: O0voMexaHUYECKOE IOBEICHHE KOXHU YEIOBEKa, €CTECTBEHHBIIM
POCT, 103UPOBAHHOE pacTsbKeHHe, annapar MiuzapoBa, KOHEYHOCTh



