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• Function-based morphing (FBM) method for patient-specific proximal femur was proposed.
• FBMmorphs the patient-specific model based on the biomechanical functions.
• Detailed algorithms for a robust morphing are presented in this paper.
• FBM provides a systematical way to analyze biomechanical responses of a specific bone.
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a b s t r a c t

This paper presents a novel morphing method for parameterizing patient-specific femur models based
on femoral biomechanical functions. The proposed function-based morphing (FBM) method aims to
provide a robust way to independently morph each partial functional region of the target femur structure
by simply assigning the given functional parameters such as the femoral head diameter, neck length
and diameter, and neck inclination angle. FBM includes three steps: (1) feature recognition to segment
a femoral model into functional regions, (2) simplification to estimate the original parameters of the
model and to define the morphing criteria as geometrical constraints, and (3) morphing to obtain the
required shape by applying FBM fields that convert the terms of parametric changes into morphing
vector terms for each segmented region. The proposed method was validated on a total of 48 patient-
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specific femur models. These models were parameterized and morphed without unexpected parametric
changes, and the averaged error between the required parameters and the re-estimated parameters after
morphing was 3.47%. Our observations indicate that the variation models developed in this study can be
used as fundamentals for various functional sensitivity analyses for predicting changes in biomechanical
responses due to the morphological changes of a subject-specific femur structure.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The morphology of a bone is closely associated with its biome-
chanical responses [1], but this morphology can be changed due to
aging or orthopedic surgery. Thus,much research efforts have been
focused on evaluating the effects of morphometric variations of a
bone. In these studies, the finite elemental analysis (FEA) approach
has been employed to analyze the relationship between bone
structures and their biomechanical responses [2–4]. Traditionally,
there have been two approaches to describe bone structures in
FEA: statistical and patient-specific. Statistical models include the
standardized geometry and generic properties representative of
their population, and it has been proven that thesemodels are suit-
able for parameterizing objects, such that aspects of the model ge-
ometry and mechanical properties are defined in a way that they
can be varied by specifying a parameter value [5,6].With these sta-
tistical approaches, however, the models are limited in their sam-
ple population,meaning that a statisticmodel cannot represent the
complex detail of a particular subject that is not included in its pop-
ulation [2]. Unlike statistical models, patient-specific models in-
corporate the more detailed information of a patient, so that they
have been widely used to more accurately analyze individual re-
sponses in biomechanics research [1,7–11]. As themorphology of a
proximal femur affects the biomechanical functions and responses,
numerous studies have extensively experimented with how the
morphology influences the responses of the specific femoral spec-
imens. Kukla et al. [12], for example, reported that the femoral
neckdiameter is themost crucial factor affecting its fracture among
the femoral geometry parameters. Lenaerts et al. [13] showed that
femoral neck length mainly affects hip contact forces such as an-
terior–posterior, vertical, and medio-lateral components during
gait. Hence, a reliable parametric morphing methodology for a
patient-specific model has significance in its usability for various
applications such as systematicmorphological sensitivity analyses,
pre-operative surgery plans, and other biomechanical simulations.
However, themorphology of a patient-specific bone structure can-
not easily be parameterized due to its geometric complexity. In
other words, the complex geometry of a proximal femur structure
comprises several partial regions such as femoral head, neck, and
trochanteric regions. Each region, serving specific biomechanical
and anatomical functions, is continuously connected to the other
regions without explicit boundaries; therefore, it has proven chal-
lenging to independently parameterize the geometry of each par-
tial region to obtain specific functional responses.

The main objective of this paper is to provide a function-based
morphing (FBM)method to parameterize 3D proximal femurmod-
els, so that a series of morphed models can be obtained from a sin-
gle patient-specific femur structure by simply altering functional
parameters, in order to systematically analyze the biomechanical
sensitivity of the target femoral structure. To achieve this purpose,
three major requirements have to be satisfied:

• femoralmorphology satisfying the required functional parame-
ters has to be obtained in an intuitive way of simple parametric
adjustments;

Fig. 1. The femoral structure of the proximal part and the functional parameters of
each region.

• each functional region has to be morphed independently with-
out unexpected parametric changes and geometric distortions;
and

• geometric quality as an FE model should be preserved during
morphing.

To meet these requirements, we present several algorithms
including a functional segmentation, parameter estimation, and
morphing algorithm based on the biomechanical functions in the
following sections. In these algorithms, we basically design FBM
fields dedicated to the proximal femur using the fitted primitives
to each functional region as morphing criteria. These morphing
fields are used to translate the terms of functional parameters such
as femoral head diameter, neck diameter and length, and neck
inclination angle into geometrical morphing terms. A total of 48
femur models were experimented on to examine the feasibility of
the proposed morphing method, and the result is discussed in the
last part of this paper.

2. Function-based morphing method

The proximal femur structure comprises anatomically signif-
icant regions such as the femoral head, neck, lesser and greater
trochanters, and so on. These regions have been described in re-
lated studies by specific parameters, as depicted in Fig. 1. The pa-
rameters are not only closely associated with the proximal femur
geometry, but also related to the biomechanical functions of the
bone itself so that they have been considered as FUNCTIONAL pa-
rameters in previous studies in the biomechanical field [10,13,14].
The femoral head diameter (FHD) and femoral head center (FHC),
which determine the rotational center of hip joint, are related to
the stability of the joint [7]. The femoral neck diameter (FND) is
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