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Purpose To determine the effect of biometrical parameters of the radial bone and due to edge defect formed on the radius strength 
properties using calculation methods. Materials and methods The study of bone strength affecting factors was conducted with the aid 
of experimental and calculation methods. Biometrical parameters were studied in 10 pairs of the human cadaveric radius as an intact 
bone initially and after the formation of rectangular or triangle-shaped edge cuts. To determine the stress-strain behaviour, mathematical 
calculations were performed based on the beam flexural theory for isotropic materials. Computation study were conducted using the finite 
element method with the NX Siemens software package. Based on assumed mathematical models, the actual areas of safe loads in the 
presence of cuts and values of destructive loads depending on the depth and shape of a cut taking into account the initial curvature of the 
bone as well as the criteria of a required residual strength in variation of influencing parameters were identified by means of calculations. 
Results It was established that an increase in bone curvature results in the reduction of longitudinal destructive loads and in increasing 
values of the normal strength. The 0.05 bone curvature combined with the 0.5 cut causes a decrease in the ultimate load by 20 times (up 
to 4.8 % for a rectangular cut and to 5.4 % for a triangular cut). A 0.5-deep cut in the bone which curvature is 0.05 enhances the normal 
stress by 6.9 times for a triangular cut and by 7.8 times for a rectangular one as compared to a bone without curvature. The critical values 
for the curvature and depth of the cut were established which permit to avoid additional bone reinforcement. Conclusion The strength of 
the radius with a maginal defect depends not only on the depth of a cut but on its location, shape and on the radius curvature.
Keywords: osteocutaneous radial flap, radial bone defect, radial bone strength, experiment, calculation, computer simulation

INTRODUCTION
An important achievement of current reconstructive 

and restorative surgery is the development of precision 
technologies for the use of free grafts and non-free 
vascularized osteocutaneous grafts [1, 2]. The use of 
such tissue complexes enables to achieve qualitatively 
new treatment results in many areas of reconstructive 
surgery, since adequate blood supply, primary union 
of bone fragments, their resistance to resorption as 
well as soft tissues recovery are thus provided, what 
is especially important in the elimination of tissue 
defects in various anatomical areas [1–7]. However, 
such interventions inevitably lead to the formation of 
a marginal bone defect and are associated with donor-
site morbidity, the management of which is a difficult 
problem and often worsens treatment results [8, 9].

Donor-site defects are especially large if the 
interventions are in the maxillofacial area as it is 
associated with the need to collect a significant 
volume of tissues [10]. Bone defects in the bearing 
donor tubular bone are most serious in terms of 
functional or cosmetic deficiency [11]. The radius is 
often used as a donor bone for surgical reconstruction 
in various parts of the musculoskeletal system [7]. 
In maxillofacial surgery, plasy with a radial 
osteocutaneous graft has been currently recognized as 
the "gold standard" of treatment [12, 13]. The reasons 
are the possibility of creating a long vascular pedicle 
and a sufficient diameter of its artery and veins for 
reliable anastomoses for good blood supply to the 
bone graft and the soft tissues surrounding it. The 

graft is harvested together with soft tissues without 
disrupting the continuity of the bone. However, the 
collection of such a graft is naturally associated with a 
marginal bone defect that might cause a pathological 
fracture [14, 15]. Its management is an extremely 
difficult problem, often comparable to that of the 
actual reconstructive intervention in the recipient area 
due to disorders in blood circulation, disintegrity of 
the periosteum and bone deficiency. The incidence 
of pathological fractures has been currently not 
decreasing and reaches 18 %. Thus, it may cause 
significant cosmetic and functional disorders of the 
limb and prolonged treatment period [16–21].

The strength properties of the radius due to a 
marginal defect have been insufficiently studied. Thus, 
only external destructive loads have been assessed and 
the only biometric indicator is the permissible depth 
of bone cut obtained in the experiment without taking 
into account physiological loads and the use of precise 
calculation methods [22, 23]. The evidence base for 
these studies is not always sufficient [24]. Moreover, 
the bone has been studied mainly for bending and 
rotational loads [25], assuming that a bone fracture 
occurs only under these types of stress. This is due to 
the fact that experimental approaches do not provide 
investigation of all strength factors due to limited 
possibilities of sampling the material under study and 
its extreme variability. It is difficult to form comparison 
groups that are homogeneous in biometric parameters. 
It is unrealistic to select the bones with the necessary 
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and identical biometric parameters for experimental 
studies in order to assess the influence of various factors 
and, especially, their combinations on bone strength. 
Due to individual differences in bone parameters, a 
large amount of cadaveric material is required to form 
homogeneous comparison groups, what is practically 
impossible. Moreover, the elasticity modulus of bones 
change significantly depending on gender, age, nature 
of the profession, concomitant pathology, etc. Due to 
these circumstances, the importance of mathematical 
modeling grows with the involvement of the technical 
beam flexural theory and other calculation methods in 
the study of material strength, structural mechanics, 
as well as modern numerical methods (finite element 
method) for evaluating the strength (bearing) properties 
of the donor radius [26].

However, only a few works describe the use of 
accurate mathematical methods to assess the internal 
elastic forces arising in the distal part of the radius 
under loading. Thereby, good agreement was noted 
between the calculated and experimental data [27, 28]. 
Internal force factors (elastic forces) that arise during 
various types of loading of the intact radius and the 
one with a marginal defect remain unexplored. Only 
the depth of the cut for graft harvesting was taken 
into account to assess the residual strength of the 
radius [21, 23]. Other biometric parameters (the shape 
of the cut, its location, the initial curvature of the 

bone) practically remain unconsidered. Some works 
were devoted to the influence of the radius and ulna 
curvature on their strength properties, but they studied 
intact bones. Currently, there are no works on the study 
of the dependence of the strength of the radius with a 
marginal defect on its bending stresses arising under 
the action of a longitudinal tension-compression load 
in the presence of the initial curvature of the bone. 
Measures for prevention of pathological fractures 
include only recommendations not to exceed the depth 
of the cut to more than 1/3 of the bone diameter. At a 
greater depth of the cut, it is recommended to perform 
bone reinforcement interventions such as bone grafting 
and osteosynthesis with a plate on screws [9, 21, 29]. 
The indications for osteosynthesis in fractures of the 
forearm bones and the choice of options for their 
fixation consider only the nature of the fracture and the 
state of the bone fragments. Other biometric parameters 
are not taken into account. Therefore, we conducted the 
numerical studies on the influence of various biometric 
factors and options for enhancing the strength of the 
bone with its marginal defect and determined their 
critical values using the technical flexural beam theory 
and the method of computer modeling.

Purpose To determine the effect of biometrical 
parameters of the radius and its marginal defect on 
the strength properties of this bone using calculation 
methods.

MATERIAL AND METHODS
The factors affecting bone strength were studied 

with experimental and calculation methods. The 
biometric parameters of the intact radius and the radius 
after marginal cuts on the lateral surface of its distal half 
were studied in an experiment on 10 pairs of human 
cadaveric radial bones. The size of the cut on the bone 
corresponded to the average size of defects formed 
after graft collection for reconstructive operations 
on the hand (osteocutaneous flaps for reconstruction 
of fingers management of bone defects) and other 
anatomical areas. The bone was sawn in the transverse 
direction in the middle of the defect. In intact bones, 
the area at a similar level where the graft should be 
taken (in the projection of the imaginary defect) was 
sawn to determine the cross-sectional shape.

In addition, the bones were cut through in the 
middle of the proximal part. The dimensions of the 
cross-section of the bone were measured: width, height, 
layer thickness. The radius of the bone curvature was 
assumed to be equal to the half of the section width. 
For the section with the defect notch, the residual 
width, height and thickness of the bone section were 
measured. For determining the cross-sectional area of 
the bone with a defect cut notch, the width and height of 
the cross-section were measured, and the radius of the 
curvature was measured when an intact bone (without 

a cut notch) was transected. For further calculations, 
the mean values of the cross-sectional dimensions were 
taken, obtained from measurements of fourteen natural 
radial bones. The obtained measurement data were 
used to calculate the geometric characteristics of the 
cross-section (cross-sectional area, axial moments of 
inertia of the area, coordinates of the center of gravity 
of the cross-section), which were necessary for further 
calculations of the strength. The initial curvature of 
the radius was measured in two planes on 10 pairs of 
human cadaveric radial bones. To do this, the radius was 
applied to the horizontal plane, and the distance between 
the horizontal plane and the upper or lower edge of the 
bone was measured using a millimeter ruler (or caliper). 
Such measurements were performed on both sides of 
the middle of the bone at a certain distance to study the 
distribution of the curvature along the length. Based on 
the analysis of the measurement results, the distribution 
function of dimension-free curvature along the length 
shaped as a sinusoid was adopted.

As a result of the analysis of experimental 
measurements, the shape of the bone cross-section was 
conventionally taken as the shape shown in Figure 1 for 
a cross-section without a cut notch. Figure 2 shows the 
resulting sectional shape in the cut notch zone, when its 
depth is more than the bone radius, that is, h0 ≥ R = B/2.
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Fig. 1 The shape and designations of the dimensions of the 
intact section of the bone: х1 axis passing along the line 
of conjugation of the triangular and radial elements; y, x 
are the central axes of the cross section (y-axis is the axis 
of symmetry of the section); H is the height of the cross-
section of the intact bone; B is the width of the cross-section 
of the intact bone; В1 is the width of the internal cavity of 
the bone; point C is the center of gravity of the cross section

use of analytical methods to determine the internal force 
factors (elastic forces) acting on the bone is quite justified. 
Mathematical calculations to determine the stress-strain 
state were carried out on the basis of the technical theory 
of bending moment. Due to the fact that the marginal 
defect is located in the area of the diaphysis, where the 
orientation of osteons is longitudinal, the anisotropy of 
the bone may be neglected and the bending theory can 
be applied. Considering the fact that the marginal defect 
of the human radius definitely cannot be not filled in the 
course of life, the factor of bone regeneration may also 
be neglected. The study of the influence of depth, shape 
of the defect cut and initial bending of the radius on its 
strength properties (normal stresses, ultimate breaking 
loads) in tension, torsion and bending was conducted. 
The residual bone strength for various depths of defects 
under experimental distraction (compression), bending 
physiological loads and torsion was assessed.

The experimental studies [30] revealed the effect 
of bone curvature on its deformation and internal 
force factors (longitudinal bending moments, normal 
stresses) under compressive and tensile loads, which 
served as the basis for the application of formulas 
for determining normal stresses in a section under 
eccentric tension-compression.

The position of the neutral line (NL) and the point 
of intersection are shown in Figure 3.

Fig. 2 The shape of the section in the notch zone (section D) 
and the designation of the dimensions: х1 is the axis 
passing along the line of conjugation of the triangular and 
radial elements; x, y are central axes of the cross-section 
(y-axis is axis of symmetry of the section); h is the height 
of the cross-section of the intact bone; b is the width of the 
cross-section of the intact bone; b1 is the width of the inner 
cavity of the bone; δ is the thickness of the force layer; 
point C is the center of gravity of the cross-section

Thus, the elements that describe the section shape 
are the width, height and thickness of the profile. This 
simplified shape makes it much easier to calculate 
the geometric characteristics of the cross-sectional 
area of the profile (area, axial moments of inertia, 
moments of resistance and the position of the center 
of gravity of the section).

It is obvious that it is almost impossible to conduct 
in-situ experiments in clinical settings. Therefore, the 

Fig. 3 Position of the neutral line (NL) and dangerous 
points of the bone section without cut notch under tension

The part of the section located below the NL is in the 
tension zone, and the part of the section above the NL is 
in the compression zone. The most loaded point is point 
A in the tension zone, and point K in the compression 
zone, as the most distant ones from the NL (Fig. 3).

Normal stress σ arises in a deformed body under 
the influence of various factors, is a measure of internal 
forces of separation or compression per unit of area and 
directed perpendicular to the section of the element.
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Under tension, the total normal stresses were 
determined by the following formula (1) for any point 
of the cross-section:

where N is the longitudinal force in the section; A is cross-
sectional area; yi is the coordinate of the section point, 
where the mechanical stress is determined relative to the 
neutral axis x, Mx is the bending moment relative to the 
axis x; Ix is the moment of inertia of the cross-sectional 
area relative the central axis x; хi is the coordinate of the 
section point, where the mechanical stress is determined, 
relative to the neutral y-axis, Му is the bending moment 
relative to the y-axis; Iу is the moment of inertia of the 
cross-sectional area relative to the central axis y.

On the basis of the formula (1), formulas were 
derived for determining the normal stresses σz and 
external breaking loads Р1 under eccentric tension 
(compression) taking into account the existing cut of 
the bone and its curvature in two planes [30].

Previous experimental studies confirmed the 
results obtained with the formulas developed. It 
indicates the adequacy of the mathematical model 
[30]. Using the obtained dependencies, a series of 
calculations was performed to assess the influence of 
the initial bone curvature, shape and depth of the cut 
on bone strength characteristics.

The computational method allows one to study the 
effect of the initial bone curvature and depth of the 
cut notch at various combinations of these parameters 
under the conditions of its constant characteristics 
(breaking stress, modulus of longitudinal elasticity) 
on the stress-strain state (SSS) of the bone. In the 
computational models, bones of different cut shapes 
and sizes, initial curvatures were given the same 
characteristics of the bone material for the possibility of 
studying the effect of each parameter: breaking stress 
in bending and tension σw = 120 MPa, Young's modulus 
(longitudinal elasticity) E = 2×104 MPa. To obtain 
reliable results, the studied bone models differed only 
in the parameter studied, while other characteristics of 
the bones were the same. Numerical data were obtained 
with a longitudinal force N = 15 kg  ≈ 147 H, what 
corresponds to the average weight lifted by a person. 
These parameters coincide with the loads known in the 
literature and applied in the experiment [31].

Transverse bending moments arising under 
physiological loads on the forearm were calculated 
on the basis of literature data [32–34] to determine 
the effect of the shape and location of the bone cut on 
its strength properties. Taking these data into account, 
diagrams of the distribution of transverse bending 

moments under physiological and experimental loads 
were constructed for rectangular and triangular cutouts 
[30]. After plotting the diagrams of bending moments, 
dangerous sections of the bone were determined.

The numerical method [35, 36] enables to verify the 
proposed analytical calculation method, to obtain the 
superficial and internal distribution of normal stresses 
and deformations, and also to evaluate the stability 
of the bone with the determination of critical loads in 
compression for various types of stability failure [37].

The finite element method (FEM), that recently 
has become widely used, was applied to calculate 
the strength of the bone [14, 37]. The essence of the 
method is to construct a geometric model with its 
subsequent breakdown into geometrically simple 
bodies, or elements, for each of which an equilibrium 
equation can be written, and all equilibrium equations 
are solved simultaneously.

To determine the stresses and displacements, 
calculations were performed using the FE (finite element) 
method [36] in the NX Siemens software system.

The NX brings together key features to quickly, 
efficiently, and flexibly use numerical simulation 
tools for strength calculations and interdisciplinary 
physical analysis. Simulation and further calculations 
were also done with the NX Siemens software.

The geometric model is a cylindrical structure 
with a cross-section composed of a semi-circle and 
two lateral trapezoids, symmetrical relative to the 
common axis. The following geometrical models were 
developed for the study: a model with a straight axis; 
a model with curvature in two planes; a model with 
rectangular and triangular cutouts with a straight axis; 
a model with curvature in two planes with rectangular 
and triangular cutsouts with a depth of 0.16 and 0.33.

To study the stress-strain state of the radius in its 
preventive fixation and dependence on the shape of 
the artificial cut, the thickness and shape of the metal 
plates, the depth of screw immersion into the bone, bone 
assemblies were simulated from a model with curvature 
in two planes and rectangular and triangular cutouts with 
a depth of h0/H = 0.33, one- or two-millimeter thick plates 
of various shapes and widths, with screws immersed to 4 
mm, 13 mm and 18 mm. We also analyzed the behavior 
of a bone model with a compensating plate under a 
compressive load to determine the types of instability. 
Loading of the computational model was produced by 
pressure at a free end along the cross-sectional surface, 
as well as at the node of fixing the faces with moment. 
The applied tensile load is P = 981 N, and the applied 
single moment is M = 100 Nm. Upon completing tensile 
and torsion calculations with the NX Siemens software, 
the stress and displacement fields of the test samples 
were obtained.

RESULTS
Strength properties of the bone in transverse 

bending Analysis of the bending moment epure 
diagrams showed that the dangerous section of the 
triangular cutout is located at a distance z/l0 = 0.342 
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(from the distal end of the radius), the bending moment 
in which is equal to М1 = 0.43 Nm; the dangerous 
section of the rectangular cutout is located at the 
distance z/l0 = 0.51, the bending moment in which is 
equal to М2 = 2.25 Nm. The dangerous section of the 
triangular cutout is in the zone of small moments under 
the action of physiological loads in contrast to the 
dangerous section of the rectangular cutout which is 
in the zone of medium loads. The bending moment in 
the dangerous section of a rectangular cut is 5.2 times 
greater than the bending moment in the dangerous 
section of a triangular cut (normal stresses also differ 
by 5.2 times). Therefore, by optimizing the location of 
the dangerous section in transverse bending, the acting 
stresses may be reduced by up to 5 times. Studies 
have shown that a triangular cut is more favorable in 
terms of the perception of bending load. In a transverse 
physiological bending, the relative permissible depth 
of a triangular cut should not exceed 0.49, and of a 
rectangular cut should not exceed 0.22.

Strength properties of the bone under axial 
loads Criteria for the permissible residual strength 
due to the action of longitudinal forces were also 
obtained; graphs were proposed for determining the 
permissible depth of triangular and rectangular cuts 
according to the measured parameters of the curvature 
of the bone and its cross-section.

The performed calculations of the residual strength 
of the donor radius with the determination of external 
and internal force factors acting on it enabled to obtain 
the following data. The relative breaking load, as an 
external force factor, was studied using the derived 
formulas [30] to determine the bearing capacity of the 
bone, taking into account its initial curvature, as well 
as the effect of the depth and shape of the cut notch 
on the strength of the bone. Based on the calculated 
data, the dependence of the breaking load on the initial 
curvature of the bone by its stretching in different depths 
and shapes of the cut was revealed. The influence of 
the initial curvature at a constant relative depth of the 
defect on the relative breaking load in tension was 
studied by the calculation method (Fig. 4 a).

The relative initial curvature was determined by the 
ratio f0/l0, where f0 = fу is the value of the arrow of the 
initial curvature only in the YOZ plane, and l0 is the 
calculated length of the bone. To simplify the analysis, 
the influence of the bone curvature in one direction YOZ 
was investigated at the average dimensions of the bone 
cross-section. The presence of the initial curvature fх/l0 
in another plane (XOZ) of the bone leads to a change 
in the stress state only at the points of the cross-section 
where the stresses are not maximum, provided that 
the initial curvature in the XOZ plane does not exceed 
the curvature in the YOZ plane. The maximum normal 
stresses are achieved at point A, lying on the axis of 
symmetry (Fig. 3), therefore, the presence of initial 

curvature in the plane (ХOZ) does not lead to a change 
in the breaking loads and tension at this dangerous 
point. If fх/l0 is more than fу/l0, the stresses increase due 
to the move of the calculated point into the compressed 
zone (point K in Fig. 3). The analysis of geometric 
parameters performed on 10 paired bones showed that 
the condition fх/l0 ≤ fу/l0 is satisfied, and therefore, in 
the framework of this model, it may be ignored in most 
cases. Each curve on the graph (Fig. 4 a) characterizes 
a bone with a constant depth and shape of the cutout.

The graphs are given for triangular and rectangular 
cutouts at average cross-sectional dimensions. The 
relative breaking load P1 was determined by the ratio 
Р1/Р0, where Р0 is the breaking load of the bone without 
defect and without curvature, and Р1 is the breaking 
load of the bone with a given shape and depth of the 
defect and with variable curvature changing from 
zero to 0.05. As follows from the graphs, the relative 
breaking stress decreases rapidly as the curvature 
increases. When the curvature changes in the range 
f0/l0 = 0 ... 0.015, the stress drop is more significant, 
compared to the range f0/l0 = 0.015… 0.05, where the 
stress drop is less significant. Therefore, even a small 
increase in the initial curvature leads to a significant 
reduction in breaking loads. Since the calculated 
point (dangerous) for the usual relations of the defect 
depth is, as a rule, on the axis of symmetry, then there 
is no influence of the relative initial curvature for this 
point in the XOZ plane.

The graphs presented allow us to determine the 
normal stresses in regard to curvature of the bone in 
both directions under the condition fх/l0 < fу/l0.

It was revealed that the maximum normal stresses 
depend linearly on the value of the initial curvature 
at a constant cut depth (Fig. 4 c). According to the 
graphs (Fig. 4 b and c), it is quite simple to determine 
the permissible depth of the cut for the given values of 
the initial curvature and the given level of permissible 
stresses. For intermediate values of the initial 
curvature, linear interpolation between the values 
taken from the graph is acceptable. The horizontal 
line corresponding to the level of permissible stresses 
will intersect the graph line with the given curvature. 
The intersection point will define the permissible 
depth of the triangle or rectangular cut.

For the variant without curvature and without cut 
notch (straight bone with constant cross-section), 
normal stresses are equal to σz = 1.47 MPa, are uniformly 
distributed over the section and correspond to simple 
tension (compression) without bone bending (Fig. 4, c). 
Normal stresses with a relative cut depth h0/H = 0.5 
without curvature are equal to σz  = 6.33 MPa. Thus, the 
stresses increased by 4.3 times. For a bone without a cut 
notch but with a curvature fy/l0 = 0.05, the normal stresses 
are σz = 8.67 MPa, what corresponds to their increase 
by 5.9 times. Hence, it can be concluded that the initial 
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curvature of the bone has a more significant effect on 
the magnitude of the maximum normal stresses than the 
presence of a cut notch.

Fig. 4 Dependence: a the relative breaking load in stretching 
on the initial curvature of the bone in only one direction (in 
the YOZ plane) at a constant relative defect depth. Solid 
line – a triangular cut; dashed line – a rectangular cut; b 
normal tensile stresses in stretching on the depth of bone 
defect at constant relative curvature for different cut shapes; 
c normal stresses on the curvature in one direction at fixed 
values of the cut depth under tensile force of 15 kgf 

Let us estimate the simultaneous effect of the 
curvature and cut notch on normal stresses. To do this, 
let us compare the normal stresses in the bone with a 
cut notch h0/H = 0.5 without curvature (σz = 6.33 MPa) 
and with a curvature fy/l0 = 0.05. In this case, the 
normal stresses are σz = 43.82 MPa for a triangular 
cutout and σz = 49.55 MPa for a rectangular cutout. 
For a triangular cut, the normal stresses increased 
by 6.9 times, and for a rectangular cut by 7.8 times. 
Compared to a straight bone without a cut, the 

stresses increased by almost 30 times for a triangular 
cut notch and by 34 times for a rectangular one. 
From Figure 4 b, it can be concluded that the normal 
stresses for each fixed curvature linearly depend 
on the relative depth of the cut. For example, as a 
result of bone measurements, the values l0 = 180 mm, 
fy = 5.4 mm were obtained. Then fy/l0 = 0.03, the 
permissible stresses are taken with a safety factor 
of k = 6 and for the level of permissible stresses 
[σ] = 120/6 = 20 MPa fy/l0 = 0.03. The intersection 
points will correspond to the limit relative depth of 
the triangular cut h0/H = 0.42 and the limit relative 
depth of the rectangular cut h0/H = 0.4.

The resulting graphs allow one to determine 
the permissible loads at a relative cut depth of 0.3 
recommended in the literature for various values of 
the radius curvature (Fig. 4 b).

With the depth of a rectangular defect of h0/H = 0.3 
and slope of curvature in one direction f0/l0 = 0.05, 
the normal stresses will be 23.0 MPa. If we assume 
normal stresses [σ]=30 MPa, then the tensile or 
compressive load can be increased and allow 
[P] = 15×30/23.0 ≈ 19.6 kg (15 kg is the average load 
that a person can lift; 30 MPa is permissible normal 
stress; 23.0 is a point on the curve at a depth of 0.3 
for a curvature of 0.05). Under the conditions of 
similar curvature and depth of the triangular defect, the 
permissible load will be 22.5 kg.

With the depth of a rectangular defect h0/H = 0.3 
and curvature in one direction f0/l0 = 0.03, the normal 
stresses will be 14.0 MPa. If we assume normal stresses 
[σ] = 30 MPa, then the tensile or compressive load can 
be increased and allow [P] = 15×30/14.0 ≈ 32.1 kg. 
Given the same curvature and depth of the triangular 
defect, the permissible load will be 37.5 kg.

Taking the breaking load for intact bone without 
curvature as 100 %, we can estimate the influence 
of the relative depth of the cut and the relative initial 
curvature on the value of the breaking load. If a cut is 
with a relative depth h0/H = 0.5 but without an initial 
curvature, the relative tensile load will decrease to 28 %. 
In a bone with a relative initial curvature fy/l0 = 0.05 but 
without a cut notch, the breaking load drops to 23 %. In 
the presence of a cut h0/H = 0.5 and an initial curvature 
fy/l0  = 0.05, the relative breaking load will decrease for 
a triangular cuut to 5.4 %, and for a rectangular one to 
4.8 % (Fig. 4 a). Thus, a significant curvature of the 
bone in combination with a sufficiently deep cut leads to 
a 20-fold decrease in the ultimate load.

It was revealed that the combination of the 
initial curvature in two directions does not lead 
to an increase in the stresses, as mentioned earlier, 
when the condition fx/l0 < fy/l0 is satisfied, since the 
calculation point is located on the axis of symmetry. If 
the condition fx/l0 < fy/l0 is not met, then the calculated 
point of the section is the point K (Fig. 3), and the 
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curvature of the bone in the other direction increases 
the calculated stresses depending on the relative 
curvature in this direction.

Analysis of the data obtained shows that when the 
relative initial curvature fx/l0 is less than the relative 
curvature fy/l0, then it does not affect the maximum 
stresses. Analysis of all performed calculations also 
revealed that a triangular cut is more preferable from 
the point of view of residual bone strength, since the 
calculated section is located closer to the wrist joint, and 
the initial curvature has less influence on the magnitude 
of normal stresses compared to a rectangular cut.

Thus, both the depth and the curvature of the bone 
have impact on the strength of the radius with a marginal 
defect. The literature sources present only the permissible 
bone depth, equal to 1/3 of the diameter, but it was 
calculated under experimental loads not regarding bone 
curvature. As our study has shown, both factors must 
considered by assessing bone strength. Due to a sharp 
increase in normal stresses depending on the cut depth 
and the curvature of the bone, it becomes necessary to 
determine the critical magnitudes of these parameters. 
The critical magnitude of the combination of curvature 
and cut depth is the smallest value of the combination of 
these parameters, at which a sharp rise in normal stresses 
is noticeable, and as a result, the probability of fracture 
increases when the bone is in tension.

The safety factor for various structures, according 
to the literature, is 2–5. Taking into account the 
presence of a bone cut, a high stress concentration 
factor, which significantly reduces bone strength, 
and also taking into account the unforeseen loads in 
case of injuries, the safety factor "k" is taken by us 
to be from 6 to 10 in tension and k = 4 in bending 
(the condition of strength equality of the damaged 
and intact bone). A larger value of the coefficient 
should be taken based on the condition of the whole 
bone, as well as the patient. The calculation was 
performed for two values of the safety factor (k = 6 
and k = 10), which is reflected in Figure 5 (a and b). 
The maximum allowable cut depths with known 
curvature values were studied for an allowable 
stress of 12 (k = 10) and 20 (k = 6) MPa. Using the 
given graphs (Fig. 5 a, b), the permissible depth for 
triangular and rectangular cuts can be determined for 
any value of bone curvature in two planes.

Figure 5 a shows graphs of the change in the 
curvature fy/l0 in the range from 0 to 0.08 with a step of 
0.005 depending on the relative depth of the cut in the 
range of 0 ... 0.45 with a step of 0.05 for a triangular cut, 
and Figure 5 b shows similar graphs of the change in 
curvature fy/l0 for a rectangular cutout. The permissible 
depth of the cut according to the graphs shown in 
Figure 5 (a, b) is determined as follows. For example, 
you need to determine the permissible depth of a 
rectangular cutout with an initial curvature fy = 5 mm; 

fх = 3 mm and the length of the bone l0 = 180 mm and 
allowable normal stresses [σ] = 12 MPa (k = 10) for a 
tensile load P = 15 kg. Determine the relative initial 
curvature fy/l0 = 5/180 = 0.028; fх/l0 = 3/180 = 0.017. 
On the vertical axis, set the value of 0.028 and draw 
a horizontal line to the intersection with the graph 
(Fig. 4 b) for [σ] =  2 MPa (k = 10). Draw a vertical line 
from the point of intersection down to the intersection 
with the horizontal axis. For a load of 15 kg and 
[σ] = 12 MPa (k = 10) for a given initial curvature of the 
bone, the relative depth of the rectangular cut should not 
exceed h0/H ≤ 0.25. Since the initial relative curvature 
fх/l0 = 0.017 falls into the range 0.01 < fх/l0 < 0.02, in 
which the two curves coincide, it is neglected.

Fig. 5 Maximum permissible depth values: a triangular 
cut for the initial bone curvature fy/l0 from 0.02 to 0.08; 
fх/l0 from 0.01 to 0.03 at allowable stresses [σ] = 20 MPa 
(with a safety factor k = 6 in relation to breaking stresses 
σv = 120 MPa) and [σ] = 12 MPa (with a safety factor 
k = 10) for tensile load P = 15 kg; b rectangular cut for 
the initial bone curvature fy/l0 from 0.02 to 0.08; fх/l0 
from 0.01 to 0.03 at permissible stresses [σ] = 20 MPa 
(with a safety factor k = 6 in relation to breaking stresses 
σv = 120 MPa) and [σ] = 12 MPa (with k = 10) for tensile 
load P = 15 kg; c stress distribution according to von 
Mises by loading the model with a triangular cut of depth 
h0/H = 0.33 and curvature fх and fz
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If it is necessary to determine the maximum 
permissible depth of the triangular cut of the bone 
with the parameters: initial curvature fy = 7.2 mm; 
fх = 5.4 mm and the calculated bone length l0 = 180 mm; 
section height H = 18 mm and permissible normal 
stresses [σ] = 20 MPa (k = 6) for a tensile load P = 15 
kg, then we determine the relative initial curvature fy/
l0 = 7.2/180 = 0.04; fх/l0 = 5.4/180 = 0.03. On the vertical 
axis, set the value of 0.04 and draw a horizontal line until 
it intersects with the graph fх/l0 = 0.03 (Fig. 5 a) for [σ] 
= 20 MPa (k = 6). Draw a vertical line from the point of 
intersection down to the intersection with the horizontal 
axis. For a load of 15 kg and [σ = 0 MPa (k = 6) and a 
given initial curvature of the bone, the relative depth of 
the rectangular cut should not exceed h0/H ≤ 0.3.

As follows from the graph, with a load of 15 kg and 
[σ] = 12 MPa (k = 10), curvature in the XOZ plane is 
0.01 for a relative curvature in the YOZ plane of 0.02, 
the relative permissible depth of a rectangular cut 
was 0.3, for curvature 0.03, respectively, 0.24, in the 
conditions of curvature 0.04 – 0.16, and for curvature 
0.05 – 0.13. Under similar conditions, for a triangular 
cut with curvature of 0.02, the permissible depth of 
the cut was 0.37, for curvature 0.03 – 0.26, for 0.04 – 
0.21, for 0.05 – 0.15. Thus, the permissible depth of a 
rectangular cut, which is widely recommended in the 
literature, equal to 1/3 of the bone diameter, can only be 
applied at a curvature of 0.02. The permissible ratios of 
the value of the curvature and the depth of the cut during 
the formation of the graft should be in the permissible 
zone below the derived curves. When the depth of the 
cut exceeds the critical values, it becomes necessary to 
take measures to increase the strength of the radius.

The required dimensions of the section, initial 
curvature and calculated length are measured in X-ray 
images in two views and a CT image of the area of the 
graft collection and the entire forearm.

To evaluate and verify the results obtained by 
analytical methods, as well as to obtain new data, 

a calculation was performed using the numerical 
method on the developed geometric models (Fig. 5 c).

Resulting from the numerical analysis of stress 
fields, the following conclusions can be drawn:

• the curvature of the bone in two planes leads to 
its bending stresses in two planes;

• the formation of a cut always causes the 
formation of bending deformation, which depends on 
many factors;

• the magnitude of bending stresses significantly 
exceeds the stresses from central tension-compression;

• a triangular cut along the length has a significantly 
smaller zone of the highest stresses in comparison 
with a rectangular cut.

The values of the analytical data and the data of 
the numerical method turned out to be close to each 
other, what is a good result and indicates the adequacy 
of the models and the calculations performed.

Calculations on the computer models revealed that 
the structural shape of the cutout, which provides the 
greatest perception of the tensile load, is a triangular 
shape with a depth h0/H = 0.16. The specimen with 
fx and fz curvature behaved the best way, which 
indicates the structural advantages of the bone with 
a natural curvature, rather than specimens without 
curvature or curvature in one of the axes (Table 1).

Numerical calculations have shown that the structural 
shape of the cutout, which provides the greatest 
perception of the torsional load, is a triangular shape for 
an artificial cutout with an immersion depth h0/H = 0.16 
and a rectangular shape for an artificial cutout with an 
immersion depth h0/H = 0.33. The specimen without 
curvature behaved the best way, what indicates the 
structural defects of the bone with natural curvature 
by torsion. However, despite the greatest perception of 
the load of the bone model with a rectangular cut with 
a depth of immersion h0/H = 0.33, the model with a 
triangular cut has smaller displacements when a single 
moment is applied (Table 2).

Table 1
Stresses acting in specimens σ max MPa in stretching the bone model with a cut depth of 0.16 and 0.33

Type of curvature No cut Rectangular, half Rectangular full Triangular, half Triangular, full
No curvature 9.317 49.57 62.81 21.26 52.42
Curvature along X fx = 3.73 mm 24.44 58.91 98.4 34.6 95.27
Curvature along Z fz = 6.38 mm 31.59 37.26 47.4 35.88 45.35
Curvature fx = 3.73 mm and fz = 6.38 mm 31.76 37.45 47.6 36.04 59.23

Table 2
Stresses acting in specimens σmax MPa by torsion of the bone model with a cut depth of 0.16 and 0.33

Type of curvature No cut Rectangular, half Rectangular full Triangular, half Triangular,full
No curvature 0.77 6.091 6.081 2.83 16.25
Curvature along X fx = 3.73 mm 0.68 6.073 6.227 3.539 16.43
Curvature along Z fz = 6.38 mm 0.74 5.133 8.275 3.327 15.76
Curvature fx = 3.73 mm and fz = 6.38 mm 0.757 5.136 7.759 2.825 14.13
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Analyzing the data obtained on computer models, 
we come to the conclusion that the model at a given 
load P = 981 N cannot work without loss of stability 
in any type of artificial cut, since the critical stresses 
for the 1st type of stability loss are lower than the 
revealed maximum stresses at calculated load.

Calculations also showed that the structural shape 
of the plate enveloping the cylindrical surface of the 
bone has better load absorption both by torsion and 
tension than a narrow 10-mm wide plate. As plate 
thickness increases up to 2 mm, the load perception 
increases (Fig. 6). In tension, specimens with 
immersion of screws by 4 mm behaved best, while 
in torsion specimens with immersion of 4 mm and 
13 mm behaved almost the same. The sample with 
throughout immersion of screws behaved the worst 
way and is not desirable for use, since in addition 
to poor load perception, this locking system is 
extremely traumatic for the patient. Analyzing the 
data, we come to the conclusion that the model with a 
metal compensating plate at a given load P can work 
without loss of stability in any type of artificial cut, 
since the critical stresses for the 1st type of stability 
loss are higher than the revealed maximum stresses at 
calculated load.

DISCUSSION

The analysis of the literature shows that the 
problem of reducing the defect of the donor radius 
and preventing its fracture remains far from being 
resolved. Many issues of the problem remain 
unexplored. One of its main questions is to determine 
the strength properties of the donor radius after the 
collection (harvesting) of a marginal graft due to 
high incidence of its fractures. The dimensions of 
the marginal defect in the radius leading to a donor-
site defect after graft collection depend on the graft 
size. We conducted thorough calculations of the 
strength of the intact and defective radius with 
marginal cutouts of various depths and shapes using 
mathematical and computer models obtained on the 
basis of experimental data on cadaveric bones under 
tensile, bending and torsion loads.

Mathematical calculation models of the bone were 
studied under a longitudinal force N = 15 kg ≈ 147 
N, what corresponds to the average weight lifted by 
a person, as well as with known from the literature 
transverse physiological bending loads acting on the 
forearm. The permissible depth of the cut under the 
conditions of transverse physiological bending for a 
rectangular defect was 0.22 and 0.49 for a triangular 
defect. Thereby, the dangerous section of the rectangular 
cut is located in the action zone of a more significant 
bending moment and normal stresses. It indicates the 
effect of defect location on the strength of the bone. 
The maximum moment due to physiological efforts 
falls on the proximal third of the radius, and therefore 
the donor defect should not capture this area. Research 

has shown that a triangular cut is more beneficial than 
a rectangular cut in both tension-compression and 
torsion. The study of stress fields according to von 
Mises on computer volumetric models revealed that the 
magnitude of the stress concentration factor reaches a 
value of 1.2 in a rectangular cutout, and the maximum 
stress is 73 MPa. For a triangular cutout, the stress 
concentration decreases due to a smooth change in the 
cross-sectional areas and does not exceed 50 MPa.

Moreover, the zone of increased stresses is 
significantly reduced in comparison with the rectangular 
cutout. The calculated data on the permissible depth of 
a rectangular cut under physiological loads turned out to 
be noticeably lower than the experimental data known 
from the literature [15, 23, 38]. It is related to the fact 
that the authors of the works did not study the effect of 
defect location on bone strength. Only the calculated 
depth of a triangular cut exceeds the critical depth 
recommended in the literature, equal to 1/3 of the bone 
diameter. Experimental and theoretical studies allowed 
us to identify previously unexplored factors affecting the 
strength of the radius with a marginal defect under these 
loads. It appeared that the strength of the bone depends 
not only on the depth of the cut, as stated in the literature 
and is currently accepted, but also on the nature of the 
load, the initial curvature of the bone, the shape of the 
cut and its location. We also investigated the combined 
effect of these factors on bone strength. Our study found 
that due to the initial curvature of the bone as well as as 
due to a marginal cutout, normal stresses always arise 
in the cross-sections of the bone (directed perpendicular 

Fig. 6 Distribution of von Mises stresses in torsion 
of M = 100 Nm model with a triangular cut depth 
h0/H = 0.33, immersion of screws to 4 mm, 2-mm plate 
thickness enveloping the cylindrical part of the bone 

The modified plate proposed that envelops the 
cylindrical surface of the bone, reduces the level of stresses 
compared to a 10-mm wide flat narrow compensating plate 
by 1.2 times for an artificial rectangular cut, by 1.5 for an 
artificial triangular cut under tension, and by 3.9 times for 
a rectangular cutout, by 3.5 times for a triangular artificial 
cutout in torsion, and also increases the critical stresses by 
1.5 times. By tension, the stress magnitudes correspond to 
the ones of an intact bone, while in torsion they are close 
and amount to 60–70 % of the work of the intact bone. 
According to the stability criterion, the proposed plate has 
higher values than the intact bone.
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to the cross-section and uniformly distributed over the 
section) under tensile load and bending stresses in two 
planes, which exceed tensile stresses in magnitude, 
as was shown in experimental studies [30], and can 
be decisive for breaking (fracture) of the bone due to 
tension or compression.

However, the grade of influence of these stresses on 
the strength of the bone has not been studied. There are no 
data on the permissible quantitative criteria for curvature 
and the depth of the cut. Only a few studies suggest the 
appearance of flexion force when the bone is stretched 
due to its curvature, but they could not quantitatively 
characterize these forces [31, 39]. Using the developed 
mathematical and computational models, we studied the 
dependence of normal and bending stresses, as well as 
external breaking loads, and, consequently, the strength 
properties of the bone on the magnitude of its curvature, 
shape and depth of the defect. It was found that normal 
stresses increase not only with an increase in the depth 
of the cut, but also with the presence and increase in 
bone curvature. Moreover, the initial curvature of the 
bone has a more significant effect on the magnitude of 
the maximum normal stresses, external breaking loads 
than the presence of a cut notch. It was also revealed that 
the curvature of the bone in both of its planes affects the 
normal stresses. External breaking loads also depend on 
the curvature and, as it increases, decrease exponentially. 
It indicates a growing decrease in bone strength. In a 
combined effect of unfavorable factors on the radius, the 
probability of its fracture increases significantly.

We have also established for the first time that the 
magnitude of bone curvature increases dramatically 
in the presence of a marginal bone defect, since under 
tensile conditions it leads to an additional decrease in 
the strength of the bone already weakened due to the 
cutot. The effect of curvature on normal bone stresses 
is most pronounced with deep defects, since with the 
same curvature normal stresses greatly increase due 
to a reduction in the remaining part of the section. 
Moreover, not only the area decreases, but also the 
moments of inertia of this area. Therefore, bone 
curvature has a significant effect on the allowable 
cut depth. For this reason, if bone curvature is big, a 
fracture may occur at a cut depth of less than 1/3 of the 
diameter, which is currently accepted in the literature 
as the critical one but bone curvature is not considered.

The simultaneous influence of bone curvature in 
two planes and a rectangular or triangular cutouts on 
normal stresses was also studied. It enables to determine 
the permissible cut depth. It has been established that 
in the case of a combined effect of unfavorable factors 
on the radius, the probability of its fracture increases 
significantly. On the basis of the identified dependencies, 
graphs were built that allow determining the critical 
depth of its cut considering the curvature in two 
planes. It was found that it is inappropriate to apply the 
recommended standard critical depth equal to 1/3 of the 
bone diameter for all cases. The permissible depth of the 
cut should be determined individually for each patient, 
taking into account the bone curvature in two planes 

and the shape of the cut. It was found that, depending 
on the curvature of the bone, the permissible depth of 
the cut for graft collection will be different. At high 
magnitude of the curvature, the bone must be reinforced 
even at a cut depth of less than 1/3 of the diameter. Low 
curvature allows a cut with a depth of more than 1/3 of 
the diameter of the bone shaft to maintain its sufficient 
strength. Thus, depending on the curvature, the donor 
bone must be enhanced even if the defect depth is less 
than 1/3 of the diameter, or it is allowed to exceed this 
magnitude without additional fixation of the bone.

In case of a forced or accidental increase in the 
critical depth of the cut or the defect located in the 
proximal half of the radius, it is necessary to perform 
(absolute indication) its preventive osteosynthesis. 
If the critical depth is not exceeded, then additional 
strengthening of the donor radius may be omitted. 
Currently, in order to prevent a fracture of the donor 
radius and by determining the indications for its 
preventive osteosynthesis, only the depth of the cut 
is considered. Preventive osteosynthesis and bone 
grafting of the defect is performed in cases when the 
depth of the cut exceeds 1/3 of the diameter of the 
bone in its diaphyseal part. The study also enabled to 
substantiate rational options for marginal osteotomy 
and preventive osteosynthesis of the radius. It has 
been established by the method of computer modeling 
that the plate enveloping the cylindrical surface of the 
bone, fixed to it with six screws (three screws proximal 
and distal to the defect), has a better perception of the 
load both by torsion and by tension of the bone, if the 
immersion depth of the screws is 4 mm.

Thus, the results obtained indicate that by planning 
the operations with the use of a osteocutaneous 
graft from the radius for various areas of the human 
skeleton, it is imperative to determine the curvature 
of the radius in two planes before the operation in 
order to establish the permissible cut depth. It is 
performed in plain radiographs and CT scans of the 
forearm bones in the frontal and lateral views. In the 
lateral radiograph of the entire forearm, it is possible 
to determine the bending of the radius in the YOZ 
plane, and in the direct view in the XOZ plane. The 
graphs of the dependence of destructive loads and 
normal stresses on the cut shape, depth, location and 
bone curvature are of practical importance, facilitate 
the surgical tactics for choosing additional methods 
to exclude the likelihood of a fracture or preventive 
strengthening of the donor bone in a particular 
patient and more clearly focus on the magnitude of 
the curvature as one of the main factors affecting the 
strength of the bone after the marginal cut.

Currently, there are several works in the available 
literature devoted to the study of the strength of long 
bones after resection due to a chronic inflammatory 
process [1]. The authors observed that defects in the 
diaphyseal part of the bone have a greater impact on 
the strength than defects in the metadiaphyseal part. It 
is also consistent with our results. The data obtained by 
us may be extrapolated to other long and short bones 
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of the skeleton with a marginal defect after collecting a 
graft or marginal resection for any pathological process 
(inflammation, tumor, traumatic defect, systemic 
diseases, congenital malformations etc.), when the 
likelihood of a fracture in the area of intervention on 
the bone inevitably increases due to a decrease in its 
strength. By decision making on the need to strengthen 
the bone in such cases, it is also advisable to take into 
account all the identified factors affecting the strength 
of the radius with a marginal defect.

The results obtained also indicate that the 
programs of rehabilitation, kinesitherapy, household 
and professional loads after osteocutaneous grafting 
with a radial flap should be made taking into account 
the shape, location, depth of the cut, bone curvature 
in two planes and options for its strengthening, as 
well as stress-strain condition of the radius. The 
complex of rehabilitation measures should include 
active and passive movements in the joints of 
the fingers, wrist and elbow joints with a gradual 
increasing force immediately after the removal of 
sutures, relief of pain and reduction of edema, taking 
into account the arising maximum stresses in the bone 
until individual average loads are achieved similar to 
a healthy extremity. The average load on a healthy 
human bone depends on its anatomical, functional 
and anthropometric characteristics; and therefore 
should be determined individually before the start of 
rehabilitation measures as the average minimum and 
maximum loads. The average load on the operated 
forearm should be determined taking into account the 
ratio of the detected stresses in the intact and defective 
bones by specific movements.

This approach provides stabilization and reduction 
of normal stresses, deformation (sheer) of the bone in 
the defect area, which creates optimal conditions for 
reparative bone tissue regeneration, stability of the joint, 
restructuring of the bone graft, and prevention of fracture. 
Taking into account the acting stresses, regardless of the 
magnitude of the applied load, for the exercises that 

cause stretching or compression of the radius, in bone 
bending along the X-axis for a rectangular cutout with a 
depth of 0.33, the load should be reduced by 4 times in 
comparison with a healthy forearm, and for a rectangular 
cutout with a depth of 0.16 by 2.5 times. For a triangular 
cutout with a depth of 0.33 it should be also reduced by 
4 times, and with a depth of 0.16 by 1.5 times. In the 
conditions of bone bending along the Z-axis, as well as 
along the X and Z axes, the load for both types of cuts 
with a depth of 0.33 should be reduced by 1.5 times, 
and at a depth of 0.16 it should be identical to that of 
a healthy forearm. Particular care should be taken by 
training forearm pronation-supination movements. 
Taking into account the normal stresses generated by 
application of single moment of force, for a rectangular 
cut of any depth under bending conditions along the X, 
Z, as well as Z and X axes, the rotational loads should 
be reduced by 9.5 times, while for a triangular cut with 
a depth of 0.33 by 24 times, with the depth of 0.16 by 
9 times compared to a healthy bone.

Similar ratios of loads should be for a triangular cut 
in bending along the Z axis, as well as the Z and X axes.
Active and passive movements in the joints must be 
trained with increasing load, keeping the ratio of their 
magnitude for the operated and intact bone for each 
load value. The maximum loads should be allowed 
after the completion of reparative bone regeneration 
or consolidation and bone graft restructuring that takes 
about one year. In the case of preventive osteosynthesis, 
the load on the reinforced bone should be identical to 
that on the intact bone in extension and may be applied 
early after the operation. For rotational movements 
with the radius, the load should be 60–70 % of the 
work of the intact bone.

The revealed patterns can also be used in practice in 
the development of various options for osteosynthesis 
of the radial bone, intact until the moment of injury, 
for fractures of all possible locations and types, after 
corrective osteotomies, wrist joint arthroplasty, as well 
as kinesitherapy programs individually for each patient.

CONCLUSION
The residual strength of the radius with a marginal 

defect depends on the cut depth, shape, location and 
the curvature of the bone in two planes. It should 
be considered by graft harvesting, as well as for 
its preventive and therapeutic osteosynthesis. A 
triangular cut is more preferred for load bearing 

perception. The critical depth of the cut should be 
determined taking into account its shape and the 
bone curvature in two planes, using the dependencies 
revealed above and individually for each patient. If 
the critical depth of the cut is exceeded, preventive 
osteosynthesis is indicated.
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