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Abstract
Early postoperative rehabilitation training for supracondylar fracture of femur aids in accelerating healing with shorter recov-
ery periods. Presently, clinical studies on early postoperative weight training are still in the nascent stage. The weight-bearing 
capacity at different healing stages typically depends on clinical experience, and there is a lack of standards to quantify the 
weight that is conducive to healing of fractures. In this paper, a three-dimensional (3D) geometric model of the femur is 
obtained using imaging data, a locking plate fixation model of a simple supracondylar fracture of the femur, considering the 
angle and spatial direction of the fracture surface, is established, the stress distribution and load transmission mechanism 
of the fracture fixation model in a single-leg standing posture are studied, and the weight-bearing capacity of a standing 
single leg at the early stage of fracture is given. This provides the basis for objective quantification of early postoperative 
weight-bearing capacity.
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1 Introduction

Distal femoral fractures account for 4%–7% of all femoral 
fractures and 0.4% of systemic fracture dislocations [1]. 
According to the Arbeitsgemeinschaft für Osteosynthese-
fragen (AO) classification principle, type A distal femoral 
fractures [2], that is, supracondylar fractures of the femur, 
are unstable and can easily spread to the articular surface, 
with many complications and a high disability rate, therefore 
accounting for one of the most difficult fractures to treat. 
Moreover, as the outcomes of conservative treatment are 
poor, active surgical treatment is advised at present. Supra-
condylar fractures of the femur, especially comminuted or 
osteoporotic fractures, are usually treated with locking plates 
[3]. The advantage of this approach is that the incision is 

small, hence can be considered minimally invasive, and the 
ligament and nerves around the knee joint are not affected 
greatly, which is beneficial to the function of the knee joint 
[4, 5]. On the one hand, a gap between the locking plates and 
the bone is maintained, which mitigates any adverse effect 
on the blood flow over the bone surface under the plate; on 
the other hand, locking plate fixation is a type of bridge fixa-
tion that allows the fracture site to be moved slightly, thereby 
facilitating fracture healing [6, 7].

Fracture healing after locking plate fixation is character-
ized as secondary healing [2]. The callus is renewed, and its 
formation can be categorized into various stages, namely the 
inflammatory stage, soft callus formation stage, hard callus 
formation stage, and remodeling stage. Therefore, the mate-
rial properties and bearing capacity of the callus are different 
in different healing stages.

In fact, stress or strain stimulation can promote bone tis-
sue growth, and factors such as the magnitude, direction, 
and timing of stress may affect fracture healing, providing 
additional insight into and a theoretical basis for early post-
operative rehabilitation treatment [8–10]. Using experiments 
on sheep tibia, Kenwright et al. [11] showed that a fracture 
with slight movement at the fracture site formed mature 
bridge calluses after 12 weeks, while for a fracture with-
out stimulation, no complete callus formed. In the work of 
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Goodship et al. [12], stimulation of sheep tibia was begun 
in two groups at 1 and 6 weeks after operation, revealing 
that, in the group with earlier stimulation, the bone mineral 
density in the healing area increased at a higher rate.

Current clinical attempts at early weight training provide 
strong evidence that early rehabilitation treatment can reduce 
healing time. Locking plate fixation was used by Liang et al. 
[4] for distal femur fractures. The patients performed func-
tional exercises on the second day after the operation, and 
the callus formed normally without any complications or 
failure of the locking plate. Intramedullary nail fixation was 
used by Arazi et al. [13] for femoral shaft comminuted frac-
ture, and the patients performed weight training 1 week after 
the operation and could carry weight completely 2 months 
after the operation without the aid of assistive devices. The 
patients all ultimately recovered. Minimally invasive lock-
ing plate fixation was used by Adam et al. [14] for tibial 
shaft fracture, and the patients performed weight training 
directly after the operation. Healing took an average of about 
9.1 weeks. Open reduction and internal fixation for pelvic 
ring fracture was used by Kalmet et al. [15], and the patients 
underwent weight training 10 days after the operation. They 
could walk independently and even run within 7 weeks.

However, such clinical study on early postoperative 
weight training is still in a nascent stage. The weight capac-
ity at different healing stages mainly depends on clinical 
experience, and there is still no quantitative weight stand-
ard that can be considered conducive to fracture healing. 
Scholars have carried out extensive research in this area. By 
taking the strain magnitude of internal fragments as base-
line parameters, Claes [6] theoretically analyzed the required 
stiffness of a fixed structure as a function of the transverse 
fracture gap, revealing that, as the fracture gap is varied, the 
effect of fracture healing can be improved by changing the 
stiffness of the fixed structure. In their work, Elkins et al. 
[16] found that, the greater the distance between screws, the 
greater the transverse displacement of the transverse fracture 
site, being unfavorable for fracture healing. The results of 
animal experiments by Bottlang et al. [17] showed that sym-
metric and uniform axial motion promotes consistent and 
circumferential bridging, delivering faster callus formation.

Clinical cases of simple supracondylar fracture of the 
femur are complicated and diverse, the angle and spatial 
direction of the fracture surface are randomly uncertain, and 
transverse fracture is only one of them. A fixation model 
for simple supracondylar fractures of the femur consider-
ing the angle and spatial direction of the fracture surface is 
established herein, the stress characteristics and transmission 
mechanism of each part of the fixation model are studied, 
and the ultimate weight capacity of the fracture fixation 
model at different healing stages is given, providing a theo-
retical basis for early rehabilitation training of supracondylar 
fracture of the femur.

2  Materials and methods

2.1  Geometry modeling

Figure 1a shows quantitative computed tomography (QCT) 
images in the right coronal plane of the femur in adults. A 
Toshiba spiral computed tomography (CT) was used, with 
scanning parameters of 120 kVp (kilovolt peak) and 150 
mAs (milliampere second) and layer thickness of 1 mm. The 
3D geometric model of the adult right femur was obtained 
by 3D reconstruction of QCT scanning data (Fig. 1b). The 
cross-section of the supracondylar transverse fracture of the 
femur was perpendicular to the anatomical axis, 65 mm from 
the lower end of the femur, and the fracture gap was 3 mm, 
in which healing tissue was filled.

Clinically, the metal locking plate system produced by 
Zimmer was used for fixation (Fig. 1c, d). Specifically, a 
10/14 lateral hole locking plate for a right distal femur with 
length of 223/286 mm was chosen; a total of nine screws 
were arranged on two plates, including five hollow 4.5-mm 
lock screws (internal and external diameter of 3.43 mm 
and 4.50 mm) in the femoral shaft and four hollow 5.5-mm 
lock screws (internal and external diameter of 4.75 mm and 
5.51 mm) in the femoral condyle. In the modeling, the screw 
direction is chosen perpendicular to the locking plate. More 
specifically, the screw direction is perpendicular to the ana-
tomical axis of the femur in the straight area of the plate 
and perpendicular to the mechanical axis of the femur at 
the femoral condyle. The screw is simplified as a cylinder, 
where the diameter of the cylinder is the outer diameter of 
the screw, and the diameter of the screw hole is the outer 
diameter of the screw. The depth of the screw threads is 
considered negligible and hence ignored (Fig. 1e).

The angle between the cross-section of a simple supra-
condylar fracture of the femur and the anatomical axis can 
vary. Figure 2 shows four typical clinical cases with angle 
of 0°, 30°, 45°, and 60°, respectively, and a fracture gap of 
3 mm. Specifically, transverse fractures and oblique fractures 
at 30° and 45° are fixed with a 10-hole lateral locking plate 
of the distal femur; the fracture surface of oblique fractures 
at 60° is longer along the femoral axis, hence the screw can-
not be fixed on the fracture surface, and the fractures are 
fixed with a 14-hole locking plate. The cross-section of the 
fractures is located in the middle of the adjacent screws. 
The upper end of the cross-section of transverse fractures 
and oblique fractures at 60° are 65 mm and 138 mm from 
the lower end of the femur, respectively, with a gap of 
60–150 mm between the fracture and locking plate.

Further clinical statistics show that, even when the angle 
between the fracture cross-section and anatomical axial 
cross-section is found, there may be many different spatial 
directions of the fracture cross-section. Figure 3 shows the 
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Fig. 1  Fixation model of simple supracondylar fracture of femur: a QCT image of right coronal plane of femur; b 3D geometry model; c, d surgical 
fixation model; e simplified three-dimensional geometry model of locking plate and screw produced by Zimmer. The magnified figures of the screw 
and screw hole show that the screw threads were ignored and simplified as cylindrical surfaces

Fig. 2  Fixation scheme of simple fracture. The angle between the 
fracture cross-section and anatomical axis cross-section is a 0°, b 30°, 
c 45°, and d 60° where a 10- or 14-hole locking plate is used. The 
fracture cross-section is located in the middle of the adjacent screws

four typical spatial directions of the fracture surface. For 
direction I, the fracture surface is perpendicular to the fron-
tal plane, and the fracture site on the side of the plate is 

higher than the other side of the plate; For direction II, III, 
and IV, the fracture surface is rotated by 90°, 180°, and 270° 
counterclockwise (quarter turns) around the anatomic axis, 
respectively.

2.2  Material properties

QCT data can give the CT value Hb at any point in the femur, 
from which the QCT density �QCT of bone mineral can be 
calculated. Experimentally, the �QCT − Hb relation is first 
determined by baseline calibration. It is known that the �QCT 
values of the five tubes of baseline calibration are 0, 0.05, 
0.1, 0.15, and 0.2 g/cm3, respectively, with Hb values of 
the measured baseline of −69, −15, 200, 378, and 514 HU 
(hounsfield unit), respectively, revealing a linear relation-
ship (Fig. 4) of

The �QCT at any point in the femur can then be calculated 
using Eq. (1).

Some studies have shown that the axial elastic modulus 
E of bone tissue follows a quantitative relationship [18–28] 
with �QCT (Fig. 5). Among them, the quantitative relationship 
between the bone apparent density �app and �QCT given by 
Lotz et al. [18, 19], and the quantitative relationship between 

(1)�QCT = 0.0003132Hb + 0.03685.
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bone ash density �ash and �QCT given by Gong et al. [22, 
23] and Keyak and Skinner [29], are transformed according 
to the empirical formulae �QCT =

(

�app − 0.17
)

∕0.012 and 
�QCT =

(

�ash − 0.0457
)

∕0.000953 , respectively,  but Carter 
and Hayes [24, 25] found that a power function is more suit-
able to describe the relationship between E and �app than the 
linear function, and Bessho et al. [30] and Gong et al. [22] 
used a piecewise function to characterize the relationship 
between them. Because of the discreteness of biomateri-
als, there is a large scatter in the research results of many 
scholars. The E values obtained for the same �QCT in the 

above-cited literature reports were averaged in this paper 
(see thick solid line in Fig. 5), and the curve fitting results 
showed that E and �QCT satisfies a quadratic polynomial 
(Fig. 5, thick dashed line)

In this formula, the unit of E is GPa. In this paper, the 
bone is treated as an isotropic linear elastic material with 
Poisson’s ratio of 0.3.

Bone tissue is heterogeneous, and there is a gradual tran-
sition between compact bone and cancellous bone rather 
than a strict boundary. To describe the nonuniform mechani-
cal properties of bone, it is necessary to classify its elastic 
modulus, and the higher the grading number (that is the 
variation gradient of material properties), the closer it is 
to the actual structure. However, considering the scanning 
accuracy of CT and comprehensive finite element calcula-
tions, the optimal grading number of elastic modulus satis-
fying the calculation accuracy of the fracture model can be 
determined. According to 256 grayscale grades, Garcia et al. 
[31] divided the elastic modulus of bone into 256 grades, 
while Keyak et al. [32] took 5% as an incremental step to 
divide the elastic modulus of bone into 170 grades, Dalstra 
et al. [33] suggested that the grading number of the elastic 
modulus of bone should be over 214, and Perillo-Marcone 
[34] divided the elastic modulus into over 500 grades. Fig-
ure 6a shows the distribution of the elastic modulus of two 
typical sections of femoral shaft and femoral condyle when 
the grading number is 64, and Fig. 6b shows the distribution 
curve of the elastic modulus in the region with larger gradi-
ent changes for grading numbers of 2, 4, 8, 16, 32, 64, 128, 
and 256, respectively. It can be seen that, when the grading 

(2)E = 7.553�2
QCT

+ 1.125�QCT + 0.2123.

Fig. 4  Quantitative relation between bone mineral density �QCT and 
CT value Hb

Fig. 5  Relationship between elastic modulus E and bone mineral den-
sity �QCT [18–28]

Fig. 3  Four typical spatial directions of fracture surface: a direction I, 
with the fracture surface perpendicular to the frontal plane (xz plane) 
and the lateral fracture end higher than the medial one. Directions  
b II, c III, and d IV are obtained when the fracture surface is rotated 
90°, 180°, and 270° counterclockwise (quarter turn) around the ana-
tomic axis, respectively



930 G.-Y. Bai, et al.

1 3

number is less than or equal to 32, the elastic modulus var-
ies greatly with changes in the grading number, but when 
the grading number is greater than or equal to 64, the elastic 
modulus almost remains unchanged with an increase in the 
grading number. Therefore, considering the accuracy of the 
elastic modulus and the amount of calculations together, the 
grading number of the elastic modulus of femur was deter-
mined to be 64.

In the process of fracture healing, healing tissue typi-
cally goes through four stages: inflammatory stage, soft 
callus formation stage, hard callus formation stage, and 
remodeling stage. In the model, the coexistence of sev-
eral kinds of healing tissues is ignored, and it is assumed 
that the healing tissue during a certain healing period can 
be characterized by a single and uniform material. Spe-
cifically, the healing tissue in the inflammatory stage is 
mainly in a liquid state, which can hardly bear force, and 
its elastic modulus is  10−12 GPa. During the soft and hard 
callus formation stages, cartilage and immature (woven) 
bone are dominant in the healing tissue, respectively. The 
elastic modulus of cartilage and immature bone are  10−2 
and 1 GPa, respectively [35]. The healing tissue then enters 
the remodeling stage and will be completely restored to 
cortical bone, with elastic modulus of 20 GPa. Poisson’s 
ratio is 0.167 in the inflammatory and soft callus stages, 
and 0.3 in the hard callus and remodeling stages. The 
ultimate strength of femoral cortical bone is between 60 
and 150 MPa. The locking plate and screw are made of 
22Cr–13Ni–5Mn stainless steel, which is regarded as a 
linear elastic material with elastic modulus of 200 GPa, 
Poisson’s ratio of 0.3, and yield strength of 380 MPa [36].

2.3  Boundary conditions

The mechanical boundary of the femur is relatively simple 
in a single-leg standing posture, and the ligament, muscle, 
and joint have little effect on the stress state of the femoral 
condyle. Accordingly, the femur can be simplified to bear the 
pressure caused by human weight (50 kg) along the direction 
of its mechanical axis, that is, the central point A of the fem-
oral head to the central point B of the knee joint (Fig. 7a).

Fig. 6  Discrete grading of the elastic modulus of right femur. a Grading number is 64 in sections of femoral shaft i and femoral condyle ii.  
b Distribution curve of the elastic modulus in the region of the white arrow with grading number of 2, 4, 8, 16, 32, 64, 128, and 256

Fig. 7  Mechanical boundary of femur under single-leg standing 
posture. a Direction and point of applied load; b center of femoral 
head and active region; c center of knee joint and constraint region of 
supracondylar



931Single-leg weight limit of fixation model of simple supracondylar fracture of femur  

1 3

The contact area between the femoral head and the hip 
is the proximal coronal area at the top of the femoral head 
(shaded area in Fig. 7b). The ratio of the projection of the 
contact area onto the cross section of the femoral head is 
about 1/3, and the projection of the contact area onto the 
coronal plane is the arc l1. By coupling the central point A of 
the femoral head with the surface contact area of the femoral 
head, the resultant force of 500 N acting on the distributed 
load of the contact area is equivalent to a concentrated force 
applied at point A, and the two forces along the mechanical 
axis are equal in magnitude and direction.

The contact area between the femoral condyle and the tib-
ial plateau is located on two square plateau areas of 10 mm 
× 10 mm at the bottom of the femoral condyle (shaded area 
in Fig. 7c). The projection of the contact area on the coronal 
plane is line l2 and l3. Given that there is no relative slip in 
the knee joint in the single-leg weight posture, the tibial 
plateau only supports the femoral condyle, so a completely 
fixed constraint is applied in the contact area.

The surgical fixation model of the fracture connects the 
two segments of the femur using screws and a steel plate. 
There is healing tissue between the two segments of the 
femur. To ensure nutritional supply to bone, there is a tiny 
gap of about 1 mm between the bone and steel plate. In 
the finite element model, the contact at the joint described 
above is simplified as follows [37–40]: the screw thread is 
simplified as a cylindrical surface (Fig. 1e), the screw and 
the steel plate are completely fixed, and a binding constraint 
“tie” is set up. Given that the porosity and strength of the 
bone are lower than those of the screw, there is likely to be 
slight movement between the bone and screws. Therefore, 
a friction contact is set up between the femoral screw hole 

and screw, with a friction coefficient of 0.3. When the load 
is larger, the femur bends and the steel plate near the fracture 
area might come into contact with the femur, so a friction 
contact is set up between them, with a friction coefficient of 
0.3. It is assumed that there is no relative movement between 
the femoral cross-section and the upper or lower surfaces 
of the healing tissue, so a binding constraint “tie” is set up.

2.4  Mesh generation

Hypermesh software is used to mesh the fracture fixation 
model, and the mesh size has a significant influence on the 
finite element calculation results of the femur. According to 
error analysis of the finite element calculation results, the 
upper limit of the femur mesh size is suggested to be 3 mm 
[27, 28]. However, considering the properties of the femur 
element material based on QCT discrete data, the lower 
mesh limit is determined to be the CT spatial scanning pre-
cision of 1 mm. In other words, when all parts of the fracture 
fixation model adopt the same mesh size (Fig. 8a), i.e., the 
overall mesh size is set to exactly 1 mm, the total strain 
energy is 140.8 mJ, and the total mesh number is 5.5 million.

Considering that the screw diameter is 4.5 mm and the 
healing tissue thickness is 3 mm, the upper limit of the over-
all mesh size for the fracture fixation model is 2 mm. When 
the overall mesh size is reduced from 2 to 1 mm, the total 
strain energy is increased, and the mesh number increases 
sharply. The relative error of the total strain energy is 6.2% 
when the overall mesh size is 2 mm (■ symbols in Fig. 9).

Local mesh refinement can achieve both computational 
accuracy and computational efficiency. The meshes are 
refined around the contact area between the femur and screw, 

Fig. 8  Finite element model. a Overall mesh; b local refinement of mesh; c comparison between two refinement schemes in the transition area
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and the femur and healing tissue. The mesh size of the steel 
plate, screw, and healing tissue is the same as in the refine-
ment area, while a larger overall mesh size is used in other 
areas of the femur. Specifically, the refinement area around 
the femoral screw hole is a cylindrical area with radius of 
6 mm, coaxial with the screw hole, and the refinement area 
around the femoral healing tissue is an area 4 mm from the 
fracture site (Fig. 8b). When the mesh size of the refine-
ment area is 1 mm, the overall mesh size is decreased from 
4 to 1.5 mm, and the total strain energy increases slowly 
(▲ symbols in Fig. 9). Considering the quality of the ele-
ment mesh in the transition area, the overall mesh size is no 
greater than 2 mm (Fig. 8c). When the overall mesh size is 
2 mm and the mesh size of the refinement area is between 
1 mm and 1.2 mm, the total strain energy tends to be stable 
when the mesh size in the refinement area is smaller than 
1.1 mm (△ symbols in Fig. 9).

Therefore, this local refinement scheme of the fracture 
fixation model is used in this paper. The overall mesh size 
and the mesh size in the refinement area are 2 mm and 1 mm, 
respectively, and the total strain energy is 140.5 mJ, with 
a relative error of only 0.2%; the total mesh number is 1.5 
million, which is only 27% of that when the overall mesh 
size is 1 mm.

2.5  Finite element analysis

The meshed fracture fixation model is imported into Abaqus 
finite element software. Four-node tetrahedron elements are 
used for the mesh. Giving the material properties of ele-
ments based on QCT data, the contact setting between the 
femur, healing tissue, screw, and steel plate is completed, 

and the setting of force boundary constraints at the femo-
ral head and femoral condyle is completed to calculate the 
stress distribution in the fracture fixation model in a single-
leg standing posture. Figure 10 shows the stress distribution 
chart of fracture fixation models at different healing stages 
in a single-leg standing posture. From the tail end to head 
end of the locking plate, the screws are marked as Nos. 1–9 
in turn. Figure 11 shows the stress distribution chart of an 
intact femur.

To analyze the stress characteristics of the fracture fixa-
tion model quantitatively, the lateral femur (on the side of 
the locking plate) and the medial femur (opposite to the 
locking plate) are obtained by dividing the femur along 
the anatomical axis and the sagittal plane (yz plane). The 
top of the femoral head is set as 0, and the bottom of the 
femoral condyle is set as 1. Along the anatomic axis, the 
maximum stress on any cross-section of the lateral/medial 
femur (Fig. 12), the maximum stress on any cross-section of 
the femur (including medial and lateral) (Fig. 13), and the 
maximum stress on the screw hole and the fracture surface 
of the femur (Fig. 14) are calculated. The maximum stress 
on each screw is counted (Fig. 15). If the z-coordinate of the 
two locking plates is nondimensionalized using the height of 
the 10-hole locking plate, the tail end of the 10-hole locking 
plate is 0, the head end is 1, the tail end of the 14-hole lock-
ing plate is −0.276, and the head end is 1; along the z axis, 
the maximum stress on any cross-section of the two locking 
plates is calculated (Fig. 16). Based on the above statistical 
data, Fig. 17 shows the curves of the changes in maximum 
stress on the femur, locking plate, and screw at different 
healing stages when the angles and spatial directions of the 
fracture face are different.

Fig. 9  Mesh convergence. a Total strain energy; b total mesh number
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3  Results

3.1  Stress distribution characteristics

Under the condition of 500 N loaded on a single leg, the 
stress level of the intact medial femur is slightly higher 

because of the asymmetry of the structure and force, being 
about 7 MPa, while the stress of the lateral femur is about 
5 MPa (Fig. 11). For the surgical fixation model of a simple 
supracondylar fracture of the femur, the stress is concen-
trated in the femoral screw hole, screw, and fracture site area 

Fig. 10  Stress distribution of fracture fixation models in different healing stages in single-leg standing posture, where the callus is in the  
a inflammation, b soft callus formation, c hard callus formation, and d remodeling stage. The fracture angle is 45°, the spatial direction is I, with 
a 10-hole locking plate
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of the locking plate, and the stress concentration decreases 
with development of the healing tissue (Fig. 10).

In the inflammatory stage, the healing tissue is liquid. Its 
elastic modulus tends to 0, so it cannot bear the load. The 
displacement of the fracture site is very large, ranging from 
0.75 to 1.8 mm. The main load transmission path of the 
fracture fixation model is medial femur–screw No. 4–locking 
plate–screw No. 5–lateral femur (Fig. 10a).

Firstly, the stress on the femur is concentrated at the screw 
hole (Figs. 12 and 14), the stress concentration is significant 
on screw holes Nos. 4 and 5 on both sides of the fracture site 
of the femur, and the maximum stress is 32.6–54.5 MPa, 

followed by screw hole No. 1 at the tail end of the locking 
plate and screw hole No. 3 adjacent to No. 4, at which the 
maximum stress is 12.7–20.2 MPa. The stress on the four 
screw holes Nos. 6–9 below the fracture surface and screw 
hole No. 2 in the 10-hole steel plate is lower, and the maxi-
mum stress is less than 10.0 MPa. In addition, the stress of 
the lateral femur on the same screw hole is higher than that 
of the medial femur. In particular, when fixed with a 14-hole 
locking plate, the stress on screw hole No. 2 in the tail seg-
ment of the locking plate is relatively high, and the maxi-
mum stress is about 34.6 MPa, second only to that on the 
bilateral screw holes of the fracture site of the femur, and the 
stress on the medial femur is higher than that on the lateral 
femur. The stress distribution on the femur varies with the 
type of locking plate used in the fracture surface area. When 
fixed with a 14-hole locking plate, the maximum stress on 
the fracture site in the fracture surface area is 38.6–73.8 MPa 
in the case of the angle of the fracture surface area of 60° for 
direction I, III, and IV, even higher than that on the bilateral 
screw holes of the fracture site (Figs. 13 and 14). However, 
the stress on the femur is almost zero in the case of 10- 
or 14-hole locking plate fixation (Fig. 12). Because of the 
stress concentration on the screw hole, for the area around 
the fracture site, i.e., the area from screw hole Nos. 4 and 5, 
the stress level of the medial/lateral femur is different from 
that of the intact femur, and the stress on other areas is close 
to that on the intact femur.

Secondly, the screw is a bridge for force transmission 
between the femur and locking plate. For different types 
of locking plate and different angles and directions of the 
fracture surface, the characteristics of the maximum stress 
distribution on each screw along the femur direction are the 
same. Screws Nos. 4 and 5 play the primary role in the pro-
cess of force transmission. The stress of the upper screw No. 

Fig. 11  Stress field of intact 
femur in single-leg standing 
posture

Fig. 12  Distribution curve of maximum stress along anatomic axis on any cross-section of a lateral and b medial femur in different healing 
stages. The fracture angle is 45°, the spatial direction is I, with a 10-hole locking plate
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4 is the highest, about 250–350 MPa; the stress of the lower 
screw No. 5 is second, and the stress of the adjacent screw 
No. 6 is the third; the maximum stress on the other screws 
is only about 50 MPa.

Thirdly, the locking plate is the main weight-bearing 
structure, and the axial load is transmitted along the locking 
plate at the fracture site. The locking plate shows obvious 
stress concentration between the bilateral screw holes Nos. 
4 and 5 of the fracture site and its adjacent area, and the 
maximum stress can be up to 248–425 MPa.

The healing tissue has weak weight-bearing capacity 
with elastic modulus of about  10−2 GPa during the soft cal-
lus stage. The displacement of the fracture site is still very 
large, about 16%–32% of that in the inflammatory stage. 
The main force transmission path of the fracture fixation 

model remains femur–screw–locking plate–screw–femur 
(Fig.  10b). The femoral stress on the fracture site is 
increased, and its maximum stress is higher than that on the 
intact femur. The maximum stress on the screw hole of the 
femur, the screw, and the fracture site area of the locking 
plate is significantly reduced (Fig. 17). All of the stress con-
centration degrees of the lateral femur on screw holes Nos. 
3, 4, and 5 are decreased significantly, and the maximum 
stress is decreased to 39%–69% of that in the inflammatory 
stage. However, the stress on screw hole No. 1 and the other 
screw holes in the tail end of the locking plate in the lateral 
femur as well as all the screw holes in the medial femur 
remains almost unchanged (Fig. 12). The stresses on bilat-
eral screws Nos. 4 and 5 of the fracture site of the femur and 
its adjacent screws Nos. 3 and 6 are decreased significantly, 
and the maximum stress is only 13%–37% of that in the 
inflammatory stage (Fig. 16a). The maximum stress on the 
locking plate is decreased significantly to only 24%–40% of 
that in the inflammatory stage (Fig. 17).

In the hard callus and remodeling stages, the healing tis-
sue is differentiated into immature bone and cortical bone, 
and gradually recovers its weight-bearing capacity (Fig. 10c, 
d). The displacement of the fracture site is 0.03–0.05 mm, 
which is almost equal to that of the femoral shaft. The stress 
concentration on the medial/lateral femur of the bilateral 
screw holes Nos. 4 and 5 of the fracture site and its adjacent 
screw hole No. 3 is further alleviated, and the stress on the 
fracture area tends to be consistent with that on the intact 
femur. However, the maximum stress on the other screw 
holes, especially screw hole No. 1 at the tail end of the steel 
plate, remains almost unchanged (Fig. 12). The stress on all 
screws is almost equal, only about 30 MPa (Fig. 15a). The 
stress on the steel plate tends to be uniform, about 10 MPa 
(Fig. 17).

It can be seen that the stress on the femur and fixation 
device is the highest in the inflammatory stage and is the 
most likely to fail. Based on the failure of the femur/fixation 
device, the ultimate weight load of the supracondylar frac-
ture model of the femur with a single-leg loaded under vari-
ous situations is analyzed. The ultimate strength of femoral 
cortical bone is 60–150 MPa [17], and the yield strength of 
the steel plate and screw is 380 MPa [29].

3.2  Single‑leg weight limit

In the inflammatory stage, when the single-leg weight is 
500 N, the surgical fixation model of a simple supracon-
dylar fracture of the femur with fracture surface angle of 
0°/30°/45°/60° and fracture surface directions I/II/III/IV 
for 10/14-hole locking plate fixation is studied. It is found 
that, in most cases, the maximum stress on the femur is not 
more than 55 MPa, and the local contact between the frac-
ture site and locking plate results in a slightly higher stress 

Fig. 13  Distribution curve of maximum stress on any cross-section of 
the femur in inflammatory stage. The fracture angle is 45°, the spatial 
direction is I, with a 10-hole locking plate

Fig. 14  Maximum stress of femur on screw hole and fracture surface 
in the inflammatory stage



936 G.-Y. Bai, et al.

1 3

Fig. 15  Maximum stress of screw. a Fracture angle, fracture direction, and locking plate are 60°, I, and 14-hole, respectively. b Inflammatory 
stage

Fig. 16  Stress distribution on locking plate for different healing periods and directions of fracture surface with angle of fracture and locking 
plate of a 0° and 10-hole, b 30° and 10-hole, c 45° and 10-hole, and d 60° and 14-hole
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of 73.8 MPa only for the fracture surface angle of 60° with 
direction I and 14-hole locking plate fixation. Therefore, it 
can be concluded that 500 N weight on a single leg in the 
inflammatory stage will not lead to femoral failure.

For the transverse fracture fixation model, the stress 
on the locking plate is lower than that on the screw, and 
the maximum stress on the fixation device is 323.3 MPa 
(Fig. 17a). For the oblique fracture fixation model with dif-
ferent fracture surface angles, directions, and locking plate 
type, the stress on the locking plate is always higher than that 
on the screw, and the maximum stress on the locking plate is 
similar for all types, about 432.3 MPa. The weight limits of 
the transverse and oblique fracture models are 587.7 N and 
439.5 N, respectively, based on fixation device failure. In 
other words, the weight limit of the oblique fracture model 
is 25% lower than that of the transverse fracture model in a 
single-leg standing posture.

For fracture surface angles of 30° or 45° and a 10-hole 
locking plate with different fracture surface directions, the 

maximum stress on the locking plate and screw is almost 
equal to 432.3 MPa (Fig. 17b, c). However, the maximum 
stress on the fixation device is different for different fracture 
surface directions when the 14-hole steel plate is used. For 
fracture surface angle of 60° and a 14-hole steel plate and 
fracture surface direction I, the minimum stress on the steel 
plate is 379.0 MPa, 12% lower than that on the 10-hole steel 
plate, and the situation for the other three directions is similar 
to for the 10-hole steel plate. For fracture surface directions I/
II and III/IV, the maximum screw stress is about 20% and 6% 
higher than for the 10-hole steel plate, respectively (Fig. 17d).

In the soft callus formation stage, the maximum stress 
on the femur is 20.9–38.1 MPa, which is 42%–78% of that 
in the inflammatory stage, and 500 N weight on the single 
leg will not cause failure of the femur. As in the inflam-
matory stage, the maximum stress on the locking plate is 
lower than that on the screw in the transverse fracture fixa-
tion model, while the maximum stress on the locking plate is 
higher than that on the screw in the oblique fracture fixation 

Fig. 17  Maximum stresses on locking plate, screw, and bone for different healing periods and directions of fracture surface, with angle of frac-
ture and locking plate of a 0° and 10-hole, b 30° and 10-hole, c 45° and 10-hole, and d 60° and 14-hole
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model. The maximum stresses on the transverse fracture 
and oblique fracture fixation models are 108.6 MPa and 
114.2–149.3 MPa, respectively, and the weight limit of the 
fixation model at the soft callus stage is about 3.0–3.8 times 
that in the inflammatory stage.

4  Conclusions

A supracondylar fracture fixation model considering the 
angle and spatial direction of the fracture surface is com-
prehensively established, and the stress distribution and 
transmission mechanism of the fracture fixation model in 
single-leg standing posture are studied. On the one hand, at 
the early stage after operation, there is a significant stress 
concentration on the screw hole of the femur, the bilateral 
screws at the fracture site, and the fracture site area of the 
locking plate. With the development of callus, the stress con-
centration decreases significantly, and the weight limit of 
the fixation model in the soft callus stage is about 3.0–3.8 
times as much as that in the inflammatory stage. On the other 
hand, the maximum stress on the transverse fracture fixation 
device is lower than that on the oblique fracture model, and 
the weight limit of the oblique fracture fixation model is 25% 
lower than that of the transverse fracture fixation model at 
the inflammatory stage. Therefore, it is necessary to consider 
the fracture surface angle and healing time comprehensively 
to determine the postoperative weight limit and improve the 
effect of postoperative rehabilitation.
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