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Abstract The interfragmentary movement (IFM) is a key determinant for the fracture healing process. Different simulation models allow the prediction of the IFM in the fracture gap based on an estimated ground
force. For this purpose, a workflow capable for implementation into the clinical routine workup was developed
as a proof of concept based on individualized IFM simulations. Starting with clinical X-ray image data, a
personalized computational model of the tibial shaft fracture and the intramedullary stabilization was set up
in a computer-aided design system, assigned with material parameters, equipped with patient-specific boundary conditions and passed to finite element simulations. We obtained continuously measured postoperative
patient gait data from a novel pedobarography insole, mapped the gait data onto an OpenSim gait model and
used the resulting forces as input for the simulation of the IFM during a step forward and a step downstairs.
In order to verify the simulation results with respect to the IFM, a series of different configurations for the
bone material parameters are tested combined with different levels of mesh discretization. The results show
IFM values comparable in range to simulation results based on validated OrthoLoad data for even surface
gait as well as during walking downstairs. The computed shear movements in the coronal and the sagittal
planes were low, and a complete fracture healing of the patient was observed after 6 months. The presented
simulation-based workflow can determine the patients’ weight-bearing specific interfragmentary movement
after an intramedullary stabilization of a tibial shaft fracture.
Keywords Interfragmentary move · Patient-specific simulations · Continuously measured gait data · Tibial
fracture · Intramedullary nailing

1 Introduction
Diaphyseal tibia fractures are a common fracture entity of the lower extremity [21]. Despite the ever-evolving
surgical possibilities, they are associated with delayed- and non-union rates as high as 10% [3,26]. These
complications require lengthy treatments, with secondary and often even repetitive surgeries. Apart from the
high personal burden of disease, they amount to high direct treatment costs, calculated to be over 12,000 Euro
per patient and further estimated indirect treatment costs at the factor of 10 [31]. Non-union development is
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dependent on many factors that are hard to influence: age, sex, comorbidities, genetics, fracture morphology,
socioeconomic status and many more [6]. Once a fracture has occurred and is surgically treated, healing is
largely dependent on the vascularity and the mechanical fracture environment [5]. The latter is a co-product
of the given method of fixation and the patients’ individual activity and produces interfragmentary movement
(IFM) as the most influential mechanical parameter [19]. In moderate ranges IFM leads to successful fracture
healing, while IFM either too low or too high will lead to delayed healing and later on fracture non-union
[14,15].
To determine the IFM during regular clinical fracture treatment conditions is difficult, without using specialized implants restricted to highly experimental clinical studies. Therefore, various research groups have
used simulation tools to determine the mechanical fracture environment [2,49]. The load introduced as boundary condition into these simulation models is estimated based on the patients weight and the recommended
weight-bearing level that up to now could not routinely be measured outside the controlled conditions of a
specialized gait laboratory [9]. Thus, clinical and basic science studies have to rely on patient compliance
to weight-bearing recommendations that are mainly anecdotal estimates lacking a thorough scientific basis.
Furthermore, compliance even to full weight-bearing conditions is known to be insufficient and should thus be
controlled continuously to get a true input for simulation models [9]. The methods used to control the patient’s
specific weight-bearing step by step under everyday clinical conditions and deliver continuous reliable input
for patient-specific simulations are now becoming routinely available [9].
The aim of this study is to develop a concept for a workflow to simulate the patient-specific IFM based on
the individual fracture geometry, fixation and current weight-bearing characteristics as determined by a new,
continuously measuring gait analysis tool. We hypothesize that by taking the patient’s specific gait input a
reliable, individualized simulation of the currently existent interfragmentary movement is possible and with
that information, we can potentially predict the patients healing outcome.
2 Methods
The presented combined clinical and simulation approach aims at being a proof of concept for an integrated
workflow for individualized simulations based on the finite element method (FEM) resulting in the fracture gap
behavior with respect to the patient-specific gait data. Here, the gait data are collected using a fully integrated
insole in a previously defined clinical setting to provide individual gait input.
2.1 Initial patient data
The patient is a 40-year-old female with a bodyweight of 65 kg and a body height of 158 cm. She sustained
an AO type 42-B3 fracture during a car accident. Treatment was performed on the day of the fracture with a
reamed, intramedullary nail (8 mm diameter, T2 Nail, Stryker GmbH; Duisburg, Germany). The fracture was
completely consolidated within 6 months with completely restored, painless physical function and return to all
normal activity. The implant material was removed after 1 year due to the development of anterior knee pain.
2.2 Integrated insole and experimental protocol
The patient’s postoperative gait data were measured in real time with the OpenGO Insole (Moticon GmbH;
Munich, Germany). The insole consists of 13 capacitive pressure sensors, a 3D accelerometer and a temperature
sensor. Pressure distribution, resulting forces, acceleration and gait timing parameters are measured in real
time and stored on an incorporated flash storage [9,10]. After the surgery, the patient was given a permissive
full weight-bearing aftercare regime with walking aids for comfort. The gait data were analyzed after 3 weeks
and showed weight-bearing in the range of her full body weight from the third postoperative day onward. To
provide an input for our simulation workflow gait data from the second postoperative week was used. The
study was approved by the local ethics committee.
2.3 Patient-specific realistic boundary conditions
In order to derive realistic boundary conditions for the finite element simulations, two different approaches
were used. The first is based on the musculoskeletal simulation environment OpenSim [23]. Therefore, an
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Fig. 1 Illustration of the marker setting in the OpenSim standard model. The ground reaction forces of the monitoring data are
mapped into the OpenSim model (here illustrated by the blue plate on the ground). (Color figure online)

average step scenario was computed using the ground reaction forces given by the insole monitoring data
during the second week of aftercare. Because of the clinical gait analysis setting for the monitoring, it was
not possible to combine this concept with a motion tracking in a gait analysis laboratory. This leads to a
non-availability of a tracked marker set, and therefore, only the individual ground reaction forces can be used
in the OpenSim simulation. In order to avoid this lack of information, the standard OpenSim marker set was
used and only the ground reaction forces were modified to achieve the best possible compromise between gait
data in an everyday environment and a personalization of the OpenSim model based on the monitoring data.
Figure 1 shows the marker setting and the ground reaction forces in the OpenSim environment. The results
of these simulations allow for the computation of joint reaction forces in the OpenSim analysis tool for a
patient with a bodyweight of 65 kg. Therefore, OpenSim calculates the joint forces and moments transferred
between consecutive bodies as a result of all loads acting on the model. These forces and moments correspond
to the internal loads carried by the joint structure. The loads represent the contributions of all un-modeled joint
structures that would produce the desired joint kinematics. The reaction load acts at the joint center (mobilizer
frame) of both the parent and child bodies. For a more detailed description the authors, refer to the User guide
published on the OpenSim webpage. Figure 2 illustrates these consecutive bodies, with the tibia as child and
the femur as parent body of the left knee.

2.4 Realistic boundary conditions using the orthoLoad database
The second approach that is used to guarantee a realistic setup of the boundary conditions for different loading
scenarios in the finite element simulations is the data provided in the OrthoLoad database. This database
includes in vivo measurements of orthopedic implants in different gait analysis settings. The data used in this
manuscript were already published by Bergman et al. [44] . The patient referenced by the id K8L, a male
with a bodyweight of 775 N is chosen because his parameters closely resemble the patient’s conditions in this
manuscript. Two different files are used for the simulation procedure. For the boundary condition setting for
normal gait, the file k8l_191211_1_107p.txt, which gives the data of the patient during walking on a treadmill
with a constant velocity of 5 km/h, is chosen. In order to also realize a much worse scenario in the simulations,
a dataset of the same patient walking down stairs is used. These data are given in the file k8l_250311_1_67p.txt
of the OrthoLoad database and contain the measurements of three downstairs steps. The maximum loading at
the tibial plateau in that case is comparable to maxima of the other available scenarios for that patient, e.g.,
stairs up, deep knee bend and the one-legged stance.
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Fig. 2 Setting of the OpenSim simulation–tibia as child body (yellow), femur as parent body (blue) and for illustration the fibula
(green). In the right picture, the muscles setup of the OpenSim model is also illustrated (lines in red). (Color figure online)

Fig. 3 CAD model of the intramedullary nail and screws for fixation

2.5 Setup of the computational model
The starting point for the computer-aided design (CAD) model was a computed tomography scan of a tibia
model (Sawbone Europe, Malmö, Sweden). The image stack of the tomogram was segmented in a standard way,
using edge-enhancing nonlinear anisotropic diffusion (EED) filtering combined with an adaptive thresholding
based on histogram analysis [22]. This leads to a segmented image stack, which was transferred to a point
cloud dataset after an appropriate boundary-smoothing step. Next, a surface was extracted from the point cloud
dataset, and in addition, the surface was smoothed via a filtering operation. The result of this procedure was a
stereolithography (stl) file, which was used to generate a solid model in the CAD system (here CATIA V5).
In order to individualize the solid model, the fracture was constructed corresponding to the X-ray images and
with respect to the given AO classification 42-B3. For the fracture gap, a constant distance of one millimeter
was chosen as the maximum distance measured on the postoperative X-ray. The design of the implant and the
screws were also realized in the CAD system with respect to the treatment of the considered patient (Fig. 3).
Besides the geometric properties of the bone–implant system, material parameters needed to be passed to the
finite element simulations. Therefore, also the material information has to be stored in the model data. For
the cortical bone and the cancellous bone, standard literature values of 19 GPa and 2400 MPa, respectively,
were chosen [32,52]. The intramedullary nail and the screws are set to implant materials according to national
standards, e.g., Ti–6Al–4V or Ti–6Al–7Nb. The literature values for them are between 114 and 108 GPa [12,36]
for the Young’s modulus. The Poisson ratio for Ti–6Al–4V is around 0.342 and the density is 4.4 g/cm3 , and
for Ti–6Al–7Nb the Poisson ratio is between 0.35 and 0.37 and the density is 4.5 g/cm3 .
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2.6 Simulation
All simulations were implemented and executed in the finite element software Abaqus 6.14-2 (Dassault Systèmes; Vélizy-Villacoublay, France). The bone–implant system was realized in seven disjoint parts given by
the CAD design of the individual components. The parts, one for the proximal and one for the distal part of the
tibia, are connected to each other via the part for the intramedullary nail. Therefore, the part of the nail is fixed
by four screws to the bone parts, two in the proximal and two in the distal tibia part. All parts together build an
assembly with seven instances corresponding to the single parts. The assembly was discretized with a mesh
consisting of 143.523 elements, in detail, 138.147 quadratic tetrahedral elements of type C3D10M and 5.376
linear hexahedral elements of type C3D8R placed in the screws and the intramedullary nail. The boundary
conditions for the interfaces between the screws and other parts of the model, namely the nail and the bone,
were realized with a fixed connection. In other words, no relative displacements were allowed. In contrast,
the interface between the bone and the implant was modeled with a contact formulation allowing movement
between the intramedullary nail and the bone parts.
In an initial computing step, the boundary conditions and the material properties are set. After the setup,
the simulations are executed, controlled by a load step applying the different given knee joint forces. The
amplitudes of the different loading scenarios were on the one hand calculated in the OpenSim simulation
driven by the monitoring data and on the other hand given by the two considered OrthoLoad examples (i.e.,
step forward and step downstairs). All amplitudes were calibrated with respect to the patient’s bodyweight to
guarantee a personalization of the loading curves.
All simulations were computed using the explicit dynamic solver from Abaqus. The average runtime was
20 h and 45 min per simulation, executed on a DELL PowerEdge with 2 Intel Xeon 5680 CPUs and 72 GB
main memory.
The authors also considered several more complex and more detailed simulation concepts, e.g., homogenization techniques and micromechanical approaches [27], microstructural models even for the trabecular
bone [28] and constitutive models which are also used for bone remodeling simulation [39]. To enhance these
concepts, the simulation models can be combined with damage models [29] and strain gradient effects [40].
3 Results
3.1 Simulation results: step forward
The results of the simulations of the step forward based on the knee joint forces derived from the OpenSim
simulation driven by the insole monitoring data as well as based on the OrthoLoad database are showing
quite similar results and a good conformity in the maximum fracture gap axial movement. Therefore, only the
individualized results of the monitoring data are illustrated from hereon. Figure 4a shows the maximum axial
movement of the fracture gap during the step forward. In the underlying simulations, a dynamic load was applied
to the computational model describing the knee joint forces of the patient calculated via OpenSim from the
ground reaction forces as measured by the gait analysis insole. The values of the axial fracture gap movement
(y-axis) are in the range between − 0.103 and − 0.149 mm (Fig. 4a). Movements in the horizontal plane
perpendicular to the shaft axis were smaller with a maximum of − 0.033 mm in x-direction and − 0.035 mm in
z-direction (Fig. 4b). In Fig. 4b, the displacement values are shown for the proximal part of the cortical bone,
where the distal part of the bone is only highlighted as a mesh for a better visualization. On the distal part of
the cortical bone, the movements in these two directions were close to zero.
3.2 Simulation results: step downstairs
In this case, the knee joint forces of the downstairs dataset were applied to the computational model. Figure 5a
illustrates the result for the maximum movement of the fracture gap during the step downstairs. Here, the
displacement and axial direction are up to four times higher than in the step forward case. The absolute
maximum of − 0.499 mm axial fracture displacement occurred at the boundary of the fracture gap during at
the maximum of the knee joint forces (Fig. 5a). As during the even surface step forward walking, movements
in the horizontal plane perpendicular to the shaft axis during the step downstairs were smaller. The illustrations
show that the maximum of the non-axial displacement is around − 0.05 mm (Fig. 5b).
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Fig. 4 a The maximum axial movement of the fracture gap during one step forward of the patient is illustrated. The values are
negative because the movement is in the direction of the negative y-axis. b Corresponding to the maximum axial movement of
the fracture gap, the two other displacement directions are plotted, the x-direction (left) and the z-direction (right). The values
plotted are for the proximal part of the cortical bone

4 Discussion
The aim of this study has been achieved. The simulation generated IFM results within realistic boundaries in
accordance with validated OrthoLoad data and the clinical healing course of the monitored patient.
IFM is a key determinant of fracture healing and influences the cell differentiation toward bone formation
if kept within certain boundaries [14]. Most studies investigating this effect are performed in ovine animal
models, as they closely resemble the human fracture repair mechanism [51]. For gap sizes between 1 and
3 mm, several studies report on IFM ranges between 0.1 and 1 mm to induce fracture healing [3,18,30]. If
the IFM gets below these ranges, the fracture healing capacity is severely reduced as seen underneath highly
stable locked plating constructs [7]. Whenever the IFM exceeds 2 mm, the healing process is delayed, while
greater gaps and IFM lead to hypertrophic non-union [16,47]. The ranges of axial IFM observed in our patient
during the second postoperative week after intramedullary tibial shaft fracture fixation (0.103–0.499 mm) are
within the reported boundaries known to induce fracture healing and correspond well to the healing course of
the observed patient. This IFM induces a complex tissue strain [42] that influences the tissue differentiation
within the fracture gap (FG) [43]. To better understand the mechanobiological influence of weight-bearing,
fracture reduction and osteosynthetic stability the interfragmentary strain (IFS) can be calculated from the
IFM and the FG size (IFS=IFM/FG). In our simulation, interfragmentary strain rates from 10 to 14% for even
surface walking and from 38 to 50% for walking downstairs were observed. Again, this corresponds well to
reported threshold values from the current literature: In force-controlled experiments early strain rates of up to
50% have been shown to induce callus formation and differentiation in animal models with fracture gap sizes
corresponding to ours [14,16,17]. As shear movements are known to inhibit fracture healing, we furthermore
calculated the maximum shearing for both step conditions in our simulation. The maximum shear movements
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Fig. 5 a The maximum axial movement of the fracture gap during the patient’s step downstairs is illustrated. b Corresponding
to the maximum axial movement of the fracture gap presented in Fig. 9, the two other displacement directions are plotted, the
x-direction (left) and the z-direction (right). The values are only plotted for the proximal part of the cortical bone

observed of − 0.035 mm for even surface walking and − 0.05 mm for walking downstairs are well below the
reported ranges known to inhibit fracture healing [1].
The above-mentioned studies either use external fixator constructs to measure the real-time influence of
weight-bearing on the simulation model or just use simple axial force input estimated from the patient weight
as input for the fracture simulation. The former is certainly feasible also under clinical conditions in human
patients, but with the ever-evolving intramedullary nail and minimally invasive plate fixation concepts fracture
treatment with external fixators is mainly limited to emergency situations and severely open fracture situations
and even then the external fixation is routinely changed to all internal osteosynthetic constructs during the
early treatment course [4]. On the other hand, if the axial load introduced into the simulation is based on
just an estimation based on the patient recommended weight-bearing, this might not represent the actual
input, as weight-bearing compliance is known to be low in partial, as well as permissive full weight-bearing
regimes [11]. Furthermore, the mechanical behavior, as well as the weight-bearing behavior, changes during
the course of the fracture treatment. During the early fracture healing course, weight-bearing increases and
the interfragmentary motion increases accordingly as allowed by the osteosynthetic construct [35]. If the
IFM induced by weight-bearing does not exceed the known boundaries, it will then gradually decrease as an
expression of the increasing callus stiffness [35,47]. A simulation model that can adapt to the patient-specific
weight-bearing input noninvasively can thus provide a more realistic representation of the actual IFM without
compromising in fracture care.
For this reason we chose to provide a simulation workflow that can adapt to the current patient-specific
weight-bearing input by utilizing gait data from a novel gait analysis insole that measures weight-bearing
continuously over up to 4 weeks [8,9]. Several studies have already shown the validity and reliability of this
measurement tool [41,50]. The underlying musculoskeletal simulation OpenSim is well established in animal
and human research and can be used free of pay as open source software [37,38]. Studies combining simulation
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Fig. 6 a and b The regions for applying the boundary conditions in the Abaqus CAE environment. c An excerpt of the tetrahedral
mesh structure

and in vitro/in vivo experiments have already shown its validity and reliability [20,24,48]. Furthermore, the
simulation tool used to determine IFM in this study is widely distributed [25,33,34] and allows for the inclusion
of patient-specific CT bone scans to increase the level of precision for the individualization, as well as a full
bone healing simulation with prediction of callus healing [45,46]. For future studies this simulation workflow
could provide a continuously updatable, individual input for callus simulations [13] allowing a patient-specific
healing prediction based on realistic mechanical conditions.
4.1 Limitations
This study has several underlying limitations based on approximations that would have to be corrected in the
final simulation workflow. First, it is based on steps collected during a single postoperative week. To allow a
continuous simulation, the workflow would have to run during consecutive days and weeks to show trends and
changes in the resulting IFM. As this study was meant as a first proof of concept for the overall individualized
simulation workflow, the simulation was only performed and validated once. Furthermore, the simulation
was based on an artificial bone model and only the fracture geometry was individualized according to the
x-ray fracture configuration. Owing to our treatment protocol and ethical approval for the study, no pre- and
postoperative CT scans were performed to allow this. As the conversion of CT data to a CAD model does
not represent a technical challenge, this could be easily implemented into future studies given appropriate
ethical approval and patient informed consent. Despite comparison with established OrthoLoad datasets, the
presented IFM was not subjected to in vivo validation. Currently, studies are already under way to determine the
accuracy of the interfragmentary strain simulation based on the individual weight-bearing input by combining
real-time gait analysis insole measurements with simultaneously acquired data from an instrumented (strain
gauge) external fixator. These results will serve as final validation of the workflow presented here (Fig. 6).
5 Conclusion
We set out to show that patient-specific simulation of interfragmentary fracture motion in relation to the
individual weight-bearing input is possible. The simulation workflow presented yielded reasonably scaled
results within known boundaries and in accordance with the radiographic union results of the monitored
patient. This approach easily facilitates simulation of patient-specific fracture biomechanics under different
walking conditions. By combining this approach with established models of callus simulation, a complete
healing simulation could be performed in future studies.
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