
Vol.:(0123456789)1 3

Journal of Medical and Biological Engineering (2022) 42:459–468 
https://doi.org/10.1007/s40846-022-00732-5

ORIGINAL ARTICLE

Trochanteric Nails for the Reduction of Intertrochanteric Fractures: 
A Biomechanical Analysis Based on Finite Element Analysis and DIC 
System

Ming‑Tzu Tsai1 · Cheng‑Hung Lee2,3,4 · Kun‑Hui Chen2,3,5 · Yu‑Chun Yen2,6 · Chun‑Hsiang Wang6 · 
Shun‑Ping Wang2,3,7 · Kuo‑Chih Su1,6,8

Received: 1 May 2022 / Accepted: 15 June 2022 / Published online: 30 July 2022 
© The Author(s) 2022

Abstract
Purpose Intertrochanteric fractures are common among femoral fractures in the elderly population. The trochanteric nail is 
a standard internal fixator used in treating femoral intertrochanteric fractures. The technique of femoral fracture reduction 
affects the postoperative outcome. Here, we applied finite element analysis (FEA) to study mechanical effects of different 
reduction approaches using the trochanteric nail in treating both stable and unstable intertrochanteric fractures.
Methods We combined FEA and in vitro experiments using a digital imaging correlation (DIC) technique to study effects 
of different alignment conditions after treating 4 cases of intertrochanteric fractures using the trochanteric nail system. A 
downward force of 2250 N was applied to the femoral head, and the distal end of the femur was fixed. The observed indicators 
were the femur displacement, together with the stress on the femur and trochanteric nail system. In addition, the displacement 
distribution was analyzed using DIC.
Results In the case of space reduction, the force was transmitted by the trochanteric nail system, resulting in greater stress 
imposed on the femur or the trochanteric nail system. In the case of closed reduction, the stress was much smaller. In the 
case of unstable fracture reduction, closed reduction was associated with a smaller contact area at the fracture site, resulting 
in greater stress on both trochanter and the trochanteric nail system.
Conclusion When the trochanteric nail system was used for fixation, the fracture site was well aligned, reducing the stress 
on the femur or the trochanteric nail.
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1 Introduction

With an aging society, the elderly population, having rela-
tively weak bones, is prone to femoral neck fractures and 
femoral intertrochanteric fractures due to falls and collisions 
[1]. Therefore, these bone fractures are their common prob-
lems with femurs. The classification of AO fractures is based 
on Müller [2]. The classification is conventionally used in 
clinical research. In order to analyze stable and unstable 

intertrochanteric fractures, A1 (stable) and A2 (unstable) 
are often used as analytical models [3].

The standard treatments for femoral intertrochanteric 
fractures are internal fixation of fracture and artificial hip 
replacement. Choice of treatment depends on the patient’s 
age, physical condition, fracture type, and degree of frac-
ture displacement. Artificial hip replacement is often used 
for older or frail patients, with displaced fractures. Whereas 
internal fixation is used for stronger or younger patients, 
with slightly displaced fractures. Internal fixation methods 
include implanting multiple steel screws, a pair of crossed 
steel screws, a trochanteric nail internal fixator, or a dynamic 
hip screw [4]. Different styles of internal fixator are also 
developed to treat femoral intertrochanteric fractures as well 
as for various clinical conditions [4–6]. With developing 
science and technology, multiple medical devices for femo-
ral fractures are available on the market (etc. trochanteric 
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nail internal fixator, dynamic hip screw) for clinical prac-
tice along with more research on newly designed internal 
fixators. It is also important to study treatment techniques 
for femoral fractures. Several studies reported that reduc-
tion techniques for femoral fractures can affect postoperative 
outcomes [7, 8]. However, after implantation of the internal 
fixator, the reduction might result in poor alignment of the 
greater trochanter (misalignment or failure to fit). There-
fore, if the femoral fracture is not properly reduced, surgical 
results and postoperative recovery are affected poorly.

Finite element analysis (FEA) is commonly used in 
orthopaedic research to evaluate biomechanical impact of 
implants. For example, FEA evaluations have been per-
formed on the structure of trochanteric nails after implan-
tation to the femur [9, 10]. Another study also compared 
implanted materials of trochanteric nails [11]. A biomechan-
ical analysis was done comparing different trochanteric nails 
implanted for stable and unstable intertrochanteric fractures 
[12]. Therefore, FEA is suitable for analyzing trochanteric 
nail implants in the femur. However, no study has been made 
using FEA to analyze the effect of trochanteric fracture on 
alignment. FEA results are often compared with experimen-
tal results, but without adequate reference indicators. Digital 
imaging correlation (DIC) is a full-area strain/deformation 
measurement approach based on images. Selecting surface 
features of the tested object, or spraying a layer of randomly 
distributed speckles on the object surface, these speckles are 
displaced when the object is deformed. After the object is 
stressed, these displacements can be measured [13]. There-
fore, DIC is also good at measuring implant deformations.

The elderly population suffer from femoral fractures 
caused by osteoporosis of the femur. After the reduction 
operation with the trochanteric nail internal fixator, the 
greater trochanter may not well-align, resulting in a failed 
reduction outcome. The main purpose of this study was to 
use FEA and DIC system to investigate the effects of differ-
ent reduction situations for stable and unstable intertrochan-
teric fractures when fixed with a trochanteric nail system. 
Our results will provide clinical orthopaedic physicians 
with the preventive assessment of the displacement between 
different trochanteric femoral heads after trochanteric nail 
internal fixator surgery. Consequently patients can be treated 
with better surgical quality with a lower failure rate.

2  Materials and Methods

2.1  Building a Simulation Geometry Model

In this study, four stable and unstable femoral intertrochan-
teric fractures were treated with trochanteric nail implan-
tation, and we aimed to analyze biomechanical effects of 
different contrapositions during surgery. The femur model 

we used was divided into five parts: cortical bone of femur, 
cancellous bone of femur, trochanteric nail, lag screw, and 
cortical screws. The femur model was established based on 
CT images (Visible Human Project) released by National 
Institutes of Health (NIH), using the medical imaging soft-
ware Mimics (Mimics Medical 20.0, Materialise, Leuven, 
Belgium). The selected femur was divided into two parts: 
cortical bone and cancellous bone. The stable and unsta-
ble intertrochanteric fracture models we used followed 
the AO fracture classification (AO-OTA 31-A1 and AO-
OTA 31-A2), and an inclined fracture site was established 
at the greater trochanter. For the trochanteric nail (Ø10 
mm × 170 mm × 130°), lag screw (Ø10.5 mm × 90 mm) and 
cortical screw, we used a 3D CAD software (Solidworks, 
Dassault Systemes SolidWorks Corp, Waltham, MA, USA) 
for graphic presentation. The computer model of the tro-
chanteric nail system is established with reference to the 
commercially available trochanteric nail system (Gamma3, 
Stryker, USA). In addition, the 3D CAD software Solid-
works was further used to combine the femur, trochanteric 
nail, lag screw and cortical screw. They were divided into 
four groups (Fig. 1) as follows. Group 1: stable (AO-OTA 
31-A1) fracture closed reduction. Group 2: Stable (AO-OTA 
31-A1) fracture space reduction. Group 3: Unstable (AO-
OTA 31-A2) fractures closed reduction. Group 4: Unstable 
(AO-OTA 31-A2) fracture space reduction. Models in which 
there was a space reduction, the intermediate spatial distance 
was set at 2 mm. The difference between stable and unstable 
femoral intertrochanteric fractures is whether the lesser tro-
chanter of the femur is fractured. After establishing the 3D 
computer model, the model was imported into FEA software 

Fig. 1  They are divided into four groups in this study, namely Group 
1: stable (AO-OTA 31-A1) fracture close reduction. Group 2: Stable 
(AO-OTA 31-A1) fracture space reduction. Group 3: Unstable (AO-
OTA 31-A2) fractures close reduction. Group 4: Unstable (AO-OTA 
31-A2) fracture space reduction
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(ANSYS Workbench 18.0, ANSYS, Inc., Canonsburg, PA) 
for FEA.

2.2  Loading Conditions and Boundary Conditions

The femur’s simulated force is in accordance with the 
external force reported in the literature [14]. We gave a 
load condition and a boundary condition (Fig. 2a). The load 
condition is a downward external force at 2250 N applied 
on the femoral head [15]. In the boundary condition, the 
distal end of the femur is fixed. At this point, the X-, Y-, 
and Z-axes displacements are set to zero. Otherwise, the 
contact between the trochanteric nail and the lag screw is set 
to have no separation, and the contact between the implant 
and the femur is also set to have no separation. These set-
tings simulate the lag screw which does not separate at the 
trochanteric nail connection, while allowing a small fric-
tionless sliding [16]. In addition, the friction site contact 
surface of the inclined greater trochanter is set to frictional 
type, with a friction coefficient of 0.45 [17]. The intersec-
tions of other models are also set to bonded type. The mesh 
elements used in our FEA model are tetrahedral meshes 
(Fig. 2b). After the mesh passes the convergence test, the 
model reaches 5% stop criteria of the convergence test. We 
then used the mesh model to investigate whether trochanteric 
nail implantation of internal fixator devices is justified in dif-
ferent situations. The mesh size used in this study is 0.8 mm. 
The number of nodes and elements of the FEA model are 
shown in (Fig. 2b).

2.3  Material Properties of the Model

Our research model includes five parts: cortical bone of 
femur, cancellous bone of femur, trochanteric nail, lag 
screw, and cortical screws. We used the set material prop-
erties in accordance with the published data [14, 18, 19]. 
All materials are assumed to be homogeneous, isotropic, 
linear elastic. Therefore, Young’s modulus and Poisson’s 
ratio are used to represent the material properties. Material 
properties used for our simulations are shown in Table 1.

After FEA, we used the von Mises stress distribution as 
the observation index (von Mises stress is σvon
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σ3 are principal stresses in the three axial directions). The 
main observation indicators are the von Mises stress on 
the femur, the von Mises stress on the trochanteric nail, 
the lag screw, and the cortical screw.

Fig. 2  a The loading and a boundary condition. b The meshing situation and the number of nodes and elements of four FEA models used in this 
study

Table 1  Material properties used for finite element analysis in this 
study

Material Young’s modulus 
(MPa)

Poisson’s ratio

Cortical bone 17,000 0.3
Cancellous bone 1000 0.3
Trochanteric nail 118,000 0.3
Lag screw 118,000 0.3
Cortical screw 118,000 0.3
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2.4  DIC Observation

Four artificial femurs (Sawbones femur (#3403), Pacific 
Research Laboratories, Vashon, USA) were trimmed with 
a cutting machine to generate AO-OTA intertrochanteric 
fractures of types 31-A1 and 31-A2. Among them, Group 1 
and Group 2 are stable fractures (AO-OTA 31-A1), Group 
3 and Group 4 are unstable fractures (AO-OTA 31-A2), 
and the intermediate fracture space of Group 2 and Group 
4 is about 2 mm (Fig. 3a). The trochanteric nail (Gamma3, 
Stryker, USA) internal fixator was implanted into each 
artificial femur (the dimensions of trochanteric nail is Ø10 
mm × 170 mm × 130° and the dimensions of lag screw is 
Ø10.5 mm × 90 mm). Speckles were sprayed as feature 
points on the surface of the artificial bone implanted with 
the trochanteric nail internal fixator. These feature points 
facilitated displacement observation by DIC. Embedding the 
femur with polyester resin (Poly), the femoral shaft was first 
set at 11° off vertical during embedding, consistent with the 
angle of the human femur [20]. The artificial femur was then 
fixed in the tensile testing machine (MTS 858 Mini Bionix 
Testing Machine; MTS Systems Corp., Eden Prairie, MN) 
(Fig. 3b). The DIC system (VIC, Correlated Solutions Inc., 
USA) was also used to evaluate the displacement when the 
femoral head was subjected to external force. The calibration 
plate was used to calibrate the position of the femur surface, 
with the light source adjusted during calibration, so that the 
spots on the calibration plate or the femoral surface were 
clearly visible (Fig. 3c). After calibrating the DIC system, 
the fixture position on the material test system (MTS) was 

adjusted so that the femoral head was under a preload of 
10 N. After stabilization, a vertical downward displacement 
of 2 mm is delivered at a speed of 2 mm/min [9]. After-
wards, the DIC system was used with two 2.3 megapixel 
digital cameras to quantify displacements of feature spots 
on the femoral surface (Fig. 3b).

3  Results

After FEA, the distribution of von Mises stress in the entire 
femoral structure was obtained (Fig. 4). Figure 5 shows the 
von Mises stress distribution over the femur. We found the 
stress was higher on the femoral surface in Group 1 and 
Group 3. The stress on the fracture surface of Group 3 was 
greater than that of Group 1.

Fig. 3  a Four different reduction situations for stable and unstable intertrochanteric fractures when fixed with a trochanteric nail system in artifi-
cial femurs. b Fix the artificial femur in the material test system. c Use the calibration plate to calibrate the position of the femur surface

Fig. 4  The distribution of von Mises stress in the overall femoral 
structure
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Figure 6 shows the von Mises stress distribution on the 
femur at the position of the trochanteric nail system. Fig-
ure 6a shows the von Mises stress distribution on the femur 
at the position of the trochanteric nail. We found that the 
stress on the femur was higher in Group 2 and Group 4. The 
stress on Group 4 was larger than Group 2. Figure 6b shows 
the von Mises stress distribution of the femur at the position 
of the lag screw. We found that the stress on the femur was 
higher in Group 2 and Group 4. The stress on Group 4 was 
larger than Group 2. Figure 6c shows the von Mises stress 
distribution of the femur at the position of cortical screws. 
We found that the stress on the femur was higher in Group 2 
and Group 4. The stress in Group 4 was larger than Group 2.

Figure 7a shows the von Mises stress distribution on the 
trochanteric nail. We found that the stress on the femur was 
higher in Group 2 and Group 4. The stress on Group 4 was 
larger than Group 2. Figure 7b shows the von Mises stress 
distribution on the lag screw. We found that the stress on 
the femur was higher in Group 2 and Group 4. The stress on 

Group 4 was larger than Group 2. Figure 7c shows the von 
Mises stress distribution on cortical screws. We found that 
the stress on the femur was higher in Group 2 and Group 4. 
The stress on Group 4 was larger than Group 2.

Figure 8 shows the axial displacement distribution as 
revealed in the DIC system. We found that in Group 1 and 
Group 3, a downward displacement on the medial side of the 
femur, and an upward displacement on the lateral side of the 
femur. In addition, we found that in both Group 2 and Group 
4, a downward displacement in the femur.

4  Discussion

In this study, we used FEA to investigate the effects of differ-
ent reduction situations for stable and unstable intertrochan-
teric fractures when fixed with a trochanteric nail system. 
There were no detailed mechanical data on the postopera-
tive impact of femoral fracture reduction in clinical practice. 

Fig. 5  The von Mises stress 
distribution on the cortical bone 
of femur
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For orthopaedic surgeons, when performing trochanteric nail 
system femoral reduction surgery, the results of this study 
can be used as biomechanical reference to reduce postopera-
tive failure.

The overall stress distribution of the femur was observed. 
We found minimal difference in the stress distribution among 
the various groups. However, regarding fracture site on the 
upper half of the femur, we found that during the two groups 
of space reduction (Groups 2 and 4), a higher stress at the 
position where the trochanteric nail was implanted. We also 
found that in the closed reduction groups (Groups 1 and 3), 
a higher stress on the surface of the femoral head, especially 
near the lesser trochanter abutting the fracture site. In addi-
tion, the unstable fracture reduction (Group 3) received a 
greater force on the femur because of the smaller contact 
cross-sectional area of the close reduction. Therefore, the 
results of FEA we found that the external force on the femur 
was transmitted from the greater trochanter during closed 
reduction. In the event of a gap present between the trochant-
ers, the force was transmitted from the trochanteric nail sys-
tem, resulting in a large deformation of the trochanteric nail 

system. The stress distribution on the femur in the implant 
area of the trochanteric nail system was observed, and results 
showed slightly higher stress on the bone in the area of the 
trochanteric nail and lag screw, when there was a gap in the 
reduction (Groups 2 and 4). However, at the position of the 
cortical screw, the stress distribution on the bone was simi-
lar. The main reason could be due to a large deformation in 
the trochanteric nail system and, therefore, also in the area of 
the femur that was in contact with the trochanteric nail sys-
tem. According to Hooke’s law, there was also greater stress 
on the femur. As the cortical screw was far from the frac-
ture site area, the influence was likely small. The position 
of high stress from the implanted trochanteric nail system 
on the femur was mostly in the area of cortical bone. That 
was because firstly, the femur received external force, which 
deformed the trochanteric nail system. And secondly the 
Young’s modulus of the cortical bone was larger compared 
with the cancellous bone. Therefore, according to Hooke’s 
law, because the stress is proportional to the Young’s modu-
lus, the stress on the cortical bone is larger.

Fig. 6  a The von Mises stress 
distribution on the femur at the 
position of the trochanteric nail. 
b The von Mises stress distribu-
tion of the femur at the position 
of the lag screw. c The von 
Mises stress distribution of the 
femur at the position of cortical 
screws
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From the stress distribution on the trochanteric nail 
implant, we found that the trochanteric nail was subjected 
to a bending moment (one side was under compressive 
stress, and the other was under tensile stress). From the 
stress distribution on the lag screw, we found that the lag 
screw also received a bending moment. During reduction 
with a gap, there was a high stress on the trochanteric nail 
implant, especially in the area where the trochanteric nail 
was in contact with the lag screw. From the stress distribu-
tion of the cortical screws on the trochanteric nail system, 

we found that in the reduction group with a gap, a higher 
stress on the cortical screws. This is mainly because in 
such a group, the force was directly transmitted by the tro-
chanteric nail implant. Thus, greater stress was generated 
on the trochanteric nail system. The material of the tro-
chanteric nail was metal. It is known [21] that the ultimate 
strength of titanium alloy material is about 1250 MPa. In 
the case of reduction with a gap, it was more likely for the 
stress value on the trochanteric nail system to approach the 
ultimate strength and subsequently may causing a fracture. 

Fig. 7  a The von Mises stress 
distribution on the trochanteric 
nail. b The von Mises stress dis-
tribution on the lag screw. c The 
von Mises stress distribution on 
the lag screw

Fig. 8  The axial displacement distribution as revealed in the DIC system
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Therefore, it is recommended that when a trochanteric nail 
is used for fixation, the fracture site should have alignment 
as good as possible, reducing the stress on the trochanteric 
nail system and avoiding the failure of surgery. A previous 
study also reported that contact reduction of cortical bone 
is important in treating intertrochanteric fractures [22].

The biomechanical model of the artificial femur 
implanted with the trochanteric nail internal fixator was 
given a displacement by the tensile testing machine and it 
was observed with the DIC system. The DIC system used 
to outline the area of interest. Our area of interest was the 
trochanteric area. Because the fracture site of the femur 
under the action of external force has a great influence on 
the trochanter of the femur, this area was our main area 
of study. We found an axial displacement when the femur 
was subjected to external force. Regardless of a stable or 
an unstable fracture, the fracture site showed a downward 
displacement where the fracture site was in contact with 
the trochanter of the femur under the condition of closed 
reduction (Groups 1 and 3). The force was thus transmitted 
via the trochanteric fracture site. As the femur structure 
was subjected to an eccentric external force, the entire 
femur received a bending moment, with one side get-
ting pressure and the other side getting tension. We also 
observed that the force was transmitted by the trochanteric 
nail in the case of reduction with a gap (Groups 2 and 4). 
Therefore, after the femur was subjected to an external 
force, the femoral trochanter showed an overall downward 
displacement. In addition, the DIC system revealed only 
the trend on the surface of the structure, and was unable 
to detect the inside deformation. Despite such a shortcom-
ing, the DIC system has a much larger measurement range 
than the traditional single point measurement using the 
strain gauge.

There are several limitations in our present study. First, 
in our simulation experiment, all material properties were 
assumed to be homogeneous, isotropic, and linear elastic, 
as consistent with previous studies [23–25]. The reason was 
to limit the variability of the results of this study in using 
nonlinear materials. Although the mechanical response of 
cortical and cancellous bone is viscoelastic-plastic, the effect 
of loading rate on femur is a critical assessment. In homoge-
neous, isotropic and linear elastic models, the effect of time-
dependent behavior is ignored in this study, leading to limi-
tations of this work. Second, we only observed half of the 
femur (proximal end), in order to speed up simulation calcu-
lations. We argue that such assumptions may differ slightly 
from reality, but research trends do not change. In addition, 
we have tried to observe the principal stress in this study, 
but the magnitude of the principal stress depends on differ-
ent directions. Therefore, if we want to discuss the influ-
ence of principal stress, we must consider the effect of dif-
ferent directions, and the results of discussion and analysis 

are complicated. Therefore, we used Von Mises stress as an 
observation index referring to other studies [23–25].

This study investigated the biomechanical analysis of 
different reduction situations of stable and unstable inter-
trochanteric fractures fixed by the trochanteric nail system 
through both in vitro experiments and FEA. Our results and 
experience can provide orthopaedic surgeons with a bio-
mechanical reference, and provide tools for evaluating the 
reduction situation when performing trochanteric nail sys-
tem surgery.

5  Conclusion

We found that in the case of space reduction, the force is 
transmitted by the trochanteric nail, resulting in a greater 
stress on the trochanteric nail system or femur. In the case 
of closed reduction, we found some smaller stress values on 
the trochanteric nail system or on the femur. In the case of 
unstable fracture reduction, the contact area of closed reduc-
tion at the fracture site is small. Consequently, the femur and 
the trochanteric nail system would receive a greater stress. 
Thus, we propose that when the trochanteric nail is used for 
fixation, good alignment on the fracture site can reduce the 
stress on the trochanteric nail system or femur.
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