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ABSTRACT

Wound contraction is an orchestrated phenomenon that contributes to closure of wounds that heal by secondary
intention. However, excessive and premature contraction results in scarring. Although the exact mechanism of
contraction is unknown, the wound closure process is accompanied by and followed by changes in the physical
and mechanical properties of the wound and periwound tissues during the biological transformation.
Transforming growth factor-B (TGF-B) induces a contractile phenotype in the cellular—extracellular matrix.
Meanwhile, various external and internal mechanical stresses lead to microdeformations of the wound milieu
with resultant upregulation of TGF-B. Furthermore, the mechanical strain exerted on collagen fibres and other
piezoelectric tissues leads to development of piezoelectric current in the wound site, which acts synergistically
with TGF-B. TGF-B and mechanical strain regulate the orientation of collagen fibres parallel with the skin surface,
which minimises the induction of piezoelectricity through the action of internal forces because of improper
angulation of collagen fibres and these forces. The resulting dominance of external forces guides the contractile
activity towards restoration of the original unwounded tissue architecture and functional activity of the previously
wounded milieu. The aforementioned contractile activity proceeds into the remodelling phase of wound healing

as the level of TGF-B is reduced and myofibroblasts undergo apoptosis.
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INTRODUCTION

Restoration of the anatomical integrity of full-
thickness excisional cutaneous wounds in adult
mammals is a highly orchestrated phenomenon
demanding harmonised interactions of various
cellular and extracellular elements. Wound
contraction, the centripetal movement of the
wound periphery, plays a key role in the
efficient closure of dermal wounds. However,
aberrant or excessive contraction patterns are
both undesirable because of impaired healing
response and cosmetic and functional concerns.
Wound contraction accounts for approximately
a 20-30% reduction in wound size in humans
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and 80-90% in animals with mobile skin like rats
(1,2). Several mechanisms have been proposed
for the explanation of this phenomenon, each
with potential strengths and drawbacks.

The most widely accepted hypothesis propo-
ses that the cellular elements of granulation
tissue — fibroblasts and myofibroblasts — generate
contractile forces within the wound milieu,
leading to direct inward movement of wound
edges by means of cellular and extracellular
connections (3-6). As an alternative, some
authors believe that fibroblasts act as single units
producing cell locomotion forces, leading to
reorganisation of fibrous collagen lattices, which
in turn causes an indirect reduction in size of the
wounded area by facilitating the transmission of
granulation tissue forces (7). However, the fact
that blocking of collagen production has been
shown to have no effect on the rate of closure
contradicts the aforesaid view (8). The purse-
string mechanism attributes wound contraction
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to some structural or functional entity operating
circumferentially analogous to a muscular
sphincter (9). Gross et al. (10) showed that
interruption of wound continuity through cir-
cumferential resection of a thin strip of the
wound edge does not alter the rate of closure,
which poses a serious argument against the
purse-string mechanism. The most recent stud-
ies suggest that polarised coordinated migration
of a rim of densely packed proliferative fibro-
blasts underlying wound edges, or so-called
‘picture frame’, is responsible for the centripetal
movement of the wound periphery, reducing the
wound surface area (10,11). Yet, the picture-
frame theory cannot explain the extant differ-
ence between its own concept and the in vitro
experiments underscoring the key role of central
granulation tissue in the process of contraction.

THE HYPOTHESIS OF DYNAMIC
BIOPHYSICAL MATRIX
CONTRACTION
The wound milieu is a composite structure
comprising various microenvironments with
different bioanatomical and mechanical prop-
erties (12). For example, collagen fibres in
vascular wall and in extracellular matrix —
which are two different microenvironments —
when affected by equivalent external stress
vectors are strained differently and exhibit
dissimilar biological responses. Evidence from
finite element analysis of microdeformations of
wound tissue during vacuum-assisted closure
therapy confirms this notion (13). The assem-
bly of vital/cellular and non vital/extracellular
microenvironments gives rise to organised and
functional macroenvironments or matrices, for
example granulation tissue, which is composed
of several vital and non vital elements. These
functional matrices are dynamic because their
structure and composition are altered over
time being replaced with different functional
macroenvironments. A paradigmatic example
would be the substitution of granulation tissue
in a dermal burn wound, partly with original
cutaneous tissue and partly with scar tissue.
As wound healing progresses through over-
lapping phases, the quality and also the quantity
of various constituent elements of wound milieu
are modified (14,15). For example, during angio-
genesis, the number of newly formed blood
vessels increases and subsequently the structural
maturation of the vessels takes place. This time-
dependent wound dynamism leads to the simul-

taneous alteration of physical properties of the
wound tissues, with ongoing biological trans-
formation of micro- and macroenvironments, for
example maturation of collagen fibres and
vasculature, respectively (biophysical coupling).
Biophysical coupling is the reciprocal interactions
of physical and biological properties of wound
milieu throughout the healing period. For
instance, physical modulation of the biological
characteristics of wound has been suggested (16).
Moreover, physical properties of wound are
modified parallel with ongoing biological trans-
formation (14). Consequently, the distribution of
mechanical stresses throughout the wound
would show a dynamic trend (mechanophysical
coupling). In contrast, the structural elements of
the microenvironments — for instance endothelial
cells or collagen fibres of blood vessels —which are
the sensory units of the produced strain, would
show dissimilar biological responses to the
exerted mechanical stimuli in various time points
throughout the healing period (biomechanical
coupling). Biomechanical coupling has two major
causes. First, generated strains are a major
determinant of dynamic mechanical properties
of living tissues. For instance, while high strain
rates decrease the stiffness of skin, lower rates
enhance it (17). Also, the strain detection by
the sensory units, for example fibroblasts, myo-
fibroblasts, which determines their biological
response, varies over time owing to altered
mechanical attributes. The biological-physical-
mechanical axis interactions delineate a compli-
cated scenario through which the changes in one
element of the continuum parallel and mutually
affect the others in healing wounds. Of particular
importance and relevance to the present hypoth-
esis is the dissection of the aforementioned
wound-associated mechanical stimuli.

The wound site is subjected to various
mechanical forces that can be categorised
either as extrinsic or as intrinsic based on their
origin (18). Extrinsic forces are generated in the
deep and superficial periwound tissues and
are transmitted through connecting elements,
such as extracellular fibres running between
wounded and normal tissue, to the wound site.
These forces vary considerably with reference
to their quality and quantity. For example, the
magnitude of these forces exhibits a broad
range, and variations in their natural tensile,
compressive or shear direction; frequency;
duration and other characteristics add to their
relative non uniformity. The intrinsic forces,
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which have their origin within the wound
milieu (the immediate periwound tissues),
either are passive like the interstitial fluid
pressure (19,20) and pressure from the perco-
lation of the inflammatory exudates to the
extra-cellular matrix (ECM) (21) or exhibit an
active nature like the intrinsic contractile stress
caused by cell-matrix interactions (22,23).
Intrinsic forces exhibit more uniformity in
quality and quantity compared with extrinsic
forces. Moreover, in contrast to extrinsic forces,
intrinsic ones correlate with specific temporal
and spatial patterns as a reflection of biolog-
ical-physical-mechanical axis events. Biologi-
cal-physical-mechanical axis reflects the
aforementioned interactions of biological,
physical and mechanical domains in healing
wounds. Myofibroblasts are the main contrac-
tile units within wound tissues. Around the
seventh day after wounding, the differentia-
tion of these cells begins (24). This coincides
with the upregulation of transforming growth
factor (TGF)-B1. This growth factor in the
presence of fibronectin (FNX) stimulates the
differentiation of the myofibroblasts from pre-
cursor cells. The presence of FNX is required
for mechanical loading — which is the devel-
opment of isometric tension — of the myofibro-
blasts, unloading — release of mechanical strain
— of which would result in the consequent
apoptosis. The mean contractile force produced
by myofibroblasts and fibroblasts, when cul-
tured on a substratum with low elastomer
stiffness, approximated 2-2 and 2-0 pN/cell,
respectively (25). What is more, the forces
produced by fibroblasts were unaffected by
augmentation of elastomer stiffness, but forces
measured for myofibroblasts increased to
a mean value of 4-1 wN/cell (25). The implica-
tion is that myofibroblasts are the main mecha-
noresponsive cells that possess a high degree of
biophysical plasticity in the wound milieu.

The exertion of mechanical stress to the
healing wound produces microdeformations in
the wound space. These deformations are
transferred to the extant cells. It has been
shown that mechanically loaded living cells
can proliferate in the presence of soluble
growth factors, whereas unloading leads to
cell cycle arrest and eventual apoptosis. Also,
microdeformations of the strained collagen
fibres increase the negative electrical charge
in situ (22). It has been shown that the
enhanced negative charge stimulates prolifer-

ative activity of soft tissue cells in the vicinity
of the mechanically loaded area (22). In this
environment, the mechanical stress is distrib-
uted throughout the wound milieu and is
transferred to the different elements of the
extant microenvironments. Some of these
elements, for example collagen fibres and
DNA, possess piezoelectric properties. The
contraction of these elements would result in
the production of piezoelectricity. However, as
mentioned previously, the amount of force
exerted to these elements and thus the quantity
of the piezoelectricity would be proportional to
the mechanical properties of the aforesaid
micro- and macroenvironments. Regarding
the concept of wound dynamics, we predict
that the quality and quantity of piezoelectric
current may change concurrently with the
tissue changes as the healing processes prog-
ress. Piezoelectricity has an important role in
the healing of live tissues (23). The strain-
induced electrical current modulates biological
events at the cellular and the molecular level
(23). It is now evident that TGF-B and electric
current act synergistically to enhance the effect
of each other (26,27). Electrical current has also
been suggested to regulate the signalling
pathway of TGF-B (28). Falanga et al. (29) have
shown that electrical stimulation (ES) upregu-
lates receptors for TGF-B on human dermal
fibroblasts in culture. Microdeformations of the
wound milieu and the resultant shear strain
upregulate the expression of TGF-B (30) and
also produce piezoelectricity. Hence, mechanical
strain may regulate wound contraction and also
extracellular matrix remodelling through mod-
ulation of the biological-physical-mechanical
axis and the synergistic interaction of TGF-B
and piezoelectricity. The previously mentioned
web of events may provoke a biomechanical
cycle whereby mechanical stimulation regu-
lates production of piezoelectricity, which in
turn modulates expression and signalling of
TGEF-B. Subsequently, this growth factor affects
the production of piezoelectricity through
alteration of the extracellular matrix, especially
the mechanical properties of collagen fibres.
The biological effects of these exogenous
mechanical stimuli necessitate a modulation of
previous wound treatment modalities. As exog-
enous and endogenous mechanical stimulation
enhance tissue repair, we encourage practi-
tioners to avoid immobilisation of wound and
periwound tissues during the proliferative and
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remodelling phases of healing. Moreover, the
existence of an intrinsic natural control mecha-
nism in the target or the wounded area, to
control the level of exerted mechanical stimuli,
seems plausible. A second important question is
what is the mechanism through which similar-
ity of structural and functional properties of
repaired tissue is restored to its original state?
Considering temporal correlation, a single
mechanism must fulfil both demands.

It has been shown that a constant pretension
approximating 1 MP exists in normal skin,
which arises from interactions of cells with their
extracellular matrix as well as from the tension,
which has been incorporated into the collagen
fibril network during development (18). This
pretension increases the coefficient of elasticity
of the skin and therefore decreases its mobility.
Thus, a specific stress would produce lower
strain in the wound milieu, limiting the
biological effects such as generation of hydraulic
signals and induction of piezoelectricity. It
seems that after wounding, release of pretension
at the wound site may exaggerate the impact of
external mechanical stimuli. Hence, we predict
that coincident with the healing process,
a ‘biphasic force shift’; during primary phase,
both extrinsic and intrinsic forces exert their
biological effect. However, during the second
phase, extrinsic forces mask the effect of intrinsic
forces. The mechanism for development of
biphasic force has been elucidated below.

Initially, after deposition of collagen fibres,
both endogenous and exogenous mechanical
stresses affect the wound macroenvironment. It
has been shown that an angle of 45° between
applied forces and collagen fibres is necessary
for maximal induction of piezoelectricity
(31,32). Dynamic mechanical properties of the
wound site are another regulatory mechanism.
The anisotropy of collagen and other piezoelec-
tric generating tissue elements leads to proper
angulation of various force vectors within the
wound tissues. However, as wound healing
progresses, the orientation of collagen fibres
takes a more uniform pattern. It has been
suggested that the application of TGF- reduces
the anisotropy of collagen fibre orientation by
29% after 14 days in healing cutaneous wounds
compared with normal unwounded skin (33).
Thus, the blocking of anisotropy enhances
the directional non uniformity of collagen
fibres by 16-2% compared with TGF-B-treated
wounds, which are 12:8% more isotropic than

unwounded skin. The uniform arrangement of
collagen fibres throughout the healing period
call forth a second phase. In this new arrange-
ment, collagen fibres are parallel with the skin
surface. This happens because collagen fibres
became rapidly oriented in the direction of the
force exerted on them (34). Thus, the majority of
multiplanar contractile (intrinsic) forces are
perpendicular to cutaneous wounds or parallel
with the skin surface. This angulation of force
vectors and collagen fibres — which are the major
piezoelectric element of skin — decreases the
amount of intrinsic-strain-related piezoelectric-
ity. Moreover, the increasing stiffness of granu-
lation tissue and constant nature of intrinsic
forces attenuate the production of piezoelec-
tricity by these forces. Additionally, other
molecules, for example DNA, contribute to
generation of low levels of intrinsic-stress-
induced piezoelectricity. At the same time,
several parameters contribute to the dominancy
of the extrinsic forces including cyclical and
intermittent nature, higher intensity and axial
variability (multiaxial nature, Figure 1) of
extrinsic force vectors. Multiaxial property of
extrinsic forces is the result of variation in
source —adjacent tissues — and direction. There-
fore, during the second phase of ‘biphasic force
shift’, extrinsic stresses are dominant and exert

Forearm flexion

Vertical plane

Figure 1. Development of extrinsic force vectors and multi-
axial nature of these forces.
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their biological effects by masking the attenu-
ated intrinsic forces. The extrinsic (exogenous)
mechanical stresses are proportional to the
tissue function, anatomy and structure. So we
predict that bioanatomical properties of the
wound milieu and adjacent tissues determine
the characteristics of piezoelectric potentials,
which in turn modulate healing of wounded
tissue, and this cycle proceeds through the
remodelling phase. Consistent with the latter,
Burgess et al. (35) found that mechanical stresses
at the wound site may play a role in guiding
collagen fibrillogenesis because altered tensions
during wound closure affect the extent of
scarring. Furthermore, Reger et al. (36) found
that electrical stimulation may orient new
collagen formation in a pattern similar to
normal skin even in the absence of neural
influences. The additional confirmative evi-
dence comes from study of Osaki (37) who
showed that the degree of orientation of
collagen fibres in calf skin was greater in areas
where skin motions were marked. Gradually,
the cycle is coalesced with normal ongoing
remodelling of repaired tissue similar to that
which occurs in unwounded tissues. Through
this mechanism (i) wound contraction is con-
trolled, (ii) original tissue structure is restored
and (iii) the influence of unnecessary interfering
mechanical forces (peripheral mechanical fog) is
minimised. Mechanical fog describes the un-
favourable extrinsic mechanical stimuli devel-
oped as a result of mobility of adjacent tissues
with adverse effects on the healing procedure
because of their direction or magnitude. Irion
et al. (38) have recently reported that mechan-
ically stimulated 4-mm biopsy wounds in rats
reduced time to closure by nearly 50% com-
pared with sham-stimulated wounds.

The proposed hypothesis has important clin-
ical implications, especially in conditions in
which wound contraction is considered a serious
challenge, for example plastic and reconstructive
surgery and the conservative management of
chronic wounds. The use of electrical stimulation
for the enhancement of healing should be
customised for application to various regions of
human body according to mechanical properties,
for example functional mobility and anatomical
features such as surface curvature. Furthermore,
alteration of biological-physical-mechanical
axis modules through therapeutic approaches
may influence the quality and quantity of wound
contraction and resultant scarring.

We have described the phenomenon of
tensgrity in which the cell itself behaves as a
mechanical transducer, which allows mechan-
ical events that distort the cell to be detected
and routed to intracellular signalling mecha-
nisms that produce rapid adaptation to the
mechanical stress (39-41).

The future research may be directed towards
evaluation of present hypothesis by in vitro
and in vivo models. The investigation of effect
of piezoelectricity on wound contraction
through implantation of piezoelectric sensors
in wounded regions seems interesting. Finally,
reverse piezoelectric phenomenon as a thera-
peutic modality to diminish contraction and
scarring may prove useful.

GLOSSARY

Piezoelectric effect: The generation of electric-
ity or electric polarity in dielectric crystals
subjected to mechanical stress, or the genera-
tion of stress in such crystals subjected to an
applied voltage.

Angulation of collagen fibres: The geometric
spatial arrangement of collagen fibres that leads
to formation of an angle between these fibres.

Microdeformations: Microscopic deforma-
tions of tissue.

Tensgrity: Tensgrity describes a structural-
relationship principle in which structural
shape is guaranteed by the finitely closed,
comprehensively continuous, tensional behav-
iours of the system and not by the discontin-
uous and exclusively local compressional
member behaviours. Tensgrity provides the
ability to yield increasingly without ultimately
breaking or coming asunder.
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