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Abstract A theoretical model for surface bone remodeling under electromagnetic loads is proposed in this
paper. In the model, surface bone remodeling is assumed to be related to growth factors. Growth factors
in latent form in osteocytes are released to the bone fluid after the osteocytes are absorbed by osteoclasts,
and then regulate the bone formation process. At the same time, environmental loadings can influence the
generation of growth factors. This paper shows how surface bone remodeling is triggered under the influence
of growth factors. Based on this hypothesis, a computational model is established that simulates the bone
coupling remodeling process, including internal and surface bone remodeling. The effects of various loadings,
including electrical and magnetic loadings, are simulated and compared. The interactions between internal and
surface bone remodeling are investigated via the numerical method. The results indicate that an electromagnetic
field can strongly influence the bone remodeling process and that the remodeling process will be altered after
surface bone remodeling is triggered, compared to the sole effect of the internal remodeling process.

Keywords Bone remodeling · Electromagnetic field · Biomaterials · Biomechanics

1 Introduction

Interest in the biological effects of extremely low-frequency electromagnetic fields on bone tissues has grown
rapidly in recent years [1–3]. Today, increasing numbers of researchers are accepting the notion that there is the
potential for interaction between electromagnetic fields and skeletal biological systems. Electromagnetic fields
have been widely applied in the treatment of skeletal conditions such as osteoporosis, tendonitis, osteonecro-
sis, fractures, and nonunion. The influence of an electromagnetic field on bone properties and structures is
mostly attributed to its effect on the process of bone functional adaptation. Therefore, the mechanism of how
an electromagnetic field acts on bone functional adaptation is an important matter to investigate. Improved
understanding of bone cell biology is a key issue in the prevention of osteoporosis and in the improvement of
physical and pharmaceutical treatment methods, as well as in prosthetic design.

Functional adaptation of living bone refers to the ability of the tissue to respond to changes in its envi-
ronment, which is called bone remodeling. Frost redefined bone functional adaptation for cortical bone tissue
into two categories: remodeling that involves the turnover of bone in small packets by basic multicellular units
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(BMU), and remodeling that refers to the biological processes that produce functionally purposeful sizes and
shapes of skeletal organs. These processes mostly involve independent resorption and formation remodeling
drifts [4]. Generally, there are two kinds of bone (re)modeling: internal and surface [5]. Internal remodeling
(modeling) refers to the resorption or reinforcement of existing bone by decreasing or increasing the bulk
density of the bone within fixed external boundaries. Surface remodeling (modeling) refers to the resorption
or deposition of bone material on the external surface of the bone. At present, the mechanism by which bone
tissues remodel themselves to adapt to environmental loadings is unknown. Many hypotheses and theories
have been proposed to explain the relation between bone (re)modeling and its environment [6–11]. Most of
these hypotheses deal with mechanical stimuli. However, investigations indicate that electrical signals in bone
tissue are of great importance in the bone (re)modeling process [12–17]. It is therefore essential to understand
bone (re)modeling behavior under multifield loadings.

The mechanism of how bone cells respond to environmental stimuli is still under investigation. Experimental
investigation is an effective and direct method to study bone (re)modeling, but in vivo experiments are hard
to control and have a limited life span that is sufficient for the study of only the earliest stages of the adaptive
responses. This limited life span is an issue, as the time scale of the relevant processes is on the order of
months, or even years. An alternative approach to gathering knowledge of the processes that are involved in
bone (re)modeling is computer simulation. In this paper we propose a new theoretical model for surface bone
remodeling that is able to predict changes in bone material under the influence of electromagnetic loading. Here,
surface remodeling refers to bone surface changes during remodeling. Numerical simulations are conducted
based on the proposed model.

2 Electrical signals in bone remodeling

Evidence indicates that electrical signals in bone tissue may play an important role in the bone remodeling
process. It is commonly believed that the signals that allow bone to adapt to its environment most likely involve
strain-mediated fluid flow through the canalicular channels. Fluid can only be moved through bone by cyclic
loading, and the flowing fluid generates a streaming potential that is proportional to the strain rate. Active
research in the area of tissues such as living bone and collagen has shown that these materials are piezoelectric
and that the piezoelectric properties of bone can also enable bone tissue to generate electrical signals that are
proportional to the strain rate [18]. All of these factors predict that the magnitude of the adaptive response of
bone to loading should be proportional to the strain rate. For lower loading frequencies within the physiological
range, experimental evidence shows this to be true. The data also suggest that activities that involve higher
loading rates are also effective for increasing bone formation, even if the duration of the activity is short.

To explain the strain-dependent behavior of bone tissues, Frost [19] proposed a mechanostat hypothesis that
describes bone (re)modeling, which he updated in [20]. In this model, Frost defined some threshold ranges of the
strain-dependent signals (MESm for remodeling and MESr for disuse-mode remodeling. MES here and below
stands for minimally effective strains or other stimuli [21]) that help to switch the two whole-bone-strength
functions on and off, and showed how these features usually affect bone strength, as illustrated in Fig. 1. The
pioneering work of Rubin and Lanyon [22] demonstrated increased activation of remodeling on endocortical
and intracortical envelopes when strains were below a remodeling MES of 1,000 microstrains (µε). Above
this threshold, remodeling was inhibited and bone formation was initiated at the periosteal surface, which
is consistent with the mechanostat theory. Detailed experiments by Jee et al. indicated that a contralateral
overloaded limb showed increased cancellous bone mass due to inhibited remodeling and increased bone
formation rate [23]. An increase of cortical bone mass on the periosteum was also observed. How, then, do
bone tissues sense strain-related signals, and how are the thresholds distinguished? The foregoing theories do
not explain these functions.

As we know, two kinds of bone cells are involved in the bone (re)modeling process, osteoblasts and osteo-
clasts. The former are responsible for bone formation and the latter for bone resorption. However, evidence has
shown that age-related bone osteoporosis differs between males and females. Accelerated bone loss in women
during menopause is associated with reduced levels of estrogen. Estrogen receptors are abundantly expressed
in osteocytes [24], but their expression is less in other cells of the osteoblast lineage [25], which suggests
that osteocytes are likely involved in the regulation of estrogen-mediated bone (re)modeling. Osteocytes can
then be considered mechanosensitive bone cells [26,27] that are thought to activate other bone cells to initiate
(re)modeling activity in response to environmental stimuli, thus playing a key role in the regulation of bone
(re)modeling [28,29].
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Fig. 1 Combined modeling and remodeling effects on bone strength [19]

How osteocytes participate in (re)modeling is unknown. In former work, a growth-factor-involved hypoth-
esis was proposed to model this process [17]. Growth factors such as platelet-derived growth factor (PDGF),
insulin-like growth factor (IGF), bone morphogenetic protein (BMP), and transforming growth factor beta
(TGF β) are found in considerable quantities in bone matrix and play an important role in bone formation and
(re)modeling [30–33]. Normally they are retained in osteocytes. Once the osteocytes are resorbed, the growth
factors are released into the bone fluid and stimulate osteoblasts to refill resorption cavities. Experiments have
shown that a pulsed extremely low-frequency electromagnetic field can stimulate the multiplication of growth
factors [34–36]. Thus, it can be seen that an electromagnetic field can influence the bone (re)modeling process
indirectly.

3 Theoretical model for bone surface remodeling

3.1 Equations of growth and remodeling

The model proposed in the former work [17] dealt with internal bone (re)modeling. However, some problems
still remained unsolved. For example, surface bone remodeling can be observed [23] in the bone remodeling
process, but it was not involved in the former model. How then was the surface bone remodeling triggered?
It is known that the circular loads that we bear during ordinary daily activities can generate microdamage in
our bones, and this can lead to final fracture if not prevented. Hence, the (re)modeling should have a function
to repair damage in osteonal bone. However, the generation of microcracks is also strain dependent, and one
function of bone (re)modeling is to keep strains in a proper range and ensure less crack production. This can
be achieved by the addition of new bone tissue to reduce the porosity of the bone structure and consequently to
increase the elastic modulus of bone material, which can decrease the strains on bone structure. The porosity
of bone tissue, however, is limited. If the environmental loadings are so great that, even if all of the cavities
were filled, the strain on the bone structure could not be reduced to a tolerable level, the bone tissue must do
something to prevent this. Another way to reduce the strain is to increase the cross-sectional area, which means
decreasing the radius of the inner surface and increasing that of the outer surface. This is defined as surface
bone remodeling. In fact, internal remodeling and surface bone remodeling are coupled in the reconstruction of
bone material during overload. The interaction process is described as follows. When the bone is overloaded,
more growth factors are released into the bone fluid. Osteoblasts are stimulated to deposit more bone material
to fill cavities. As the porosity of the bone structure is reduced, the depositing process gradually consumes
fewer growth factors. Unconsumed growth factors are transported by the strain-generated fluid flow to the
bone surface where they create new osteons.

Based on the foregoing hypothesis, we propose a computable model for the process of surface bone
remodeling. In the internal remodeling, we define porosity, p, as the measure of bone change. The rate of
change of porosity, ṗ, is then assumed to be a function of the mean bone resorbing (Q R) and refilling (QF )
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rates for each BMU, and the density of resorbing (NR) and refilling (NF ) BMUs/area [9].

d p

dt
= Q R NR − QF NF . (1)

Here, the resorption (Q R) and refilling (QF ) rates are assumed to be linear in time. NR contains two parts,

NR = N 1
R + N 0

R, (2)

where N 0
R represents the number of BMUs that is required to resorb the naturally timeworn osteocytes and

those that have been destroyed by microdamage; and N 1
R is the population of environmentally stimulated

BMUs, which is assumed to be a function of the existing state of damage,

N 1
R = N 1

R(max)(1 − ekr�), (3)

where N 1
R(max) is the maximum number of environmentally stimulated BMUs, N 1

R(max) = 0.8 BMUs/mm2,
and kr = −1.6 defines the shape of the curve. � is defined here as the environmental stimulus:

� = Ci jε
q
i j RL + (Ci Ei + Gi Hi ) fe. (4)

Here, Ci j , Ci , and Gi are the damage rate coefficients, and εi j , Ei , and Hi are the strain, intensity of the electrical
field, and intensity of the magnetic field, respectively. The value for the exponent q is set at a nominal value
of 2

3 . The mechanical loading rate, RL , is assumed to be 3,000 cycles per day (cpd), and fe is the frequency
of the electromagnetic field.

The total population N 0
F is found by multiplying the quantity of resorbed osteocytes by k f ,

N 0
F = k f NR, (5)

where k f is the correlation coefficient of the refilling BMUs that indicates the relation between the refilling
and the resorbing processes. When bone tissues are overloaded, k f = c1.

The above model is for internal bone remodeling, detailed analysis of which can be found in the reference
[17]. As noted, when the porosity of bone structure is reduced to a certain magnitude, the growth factors exceed
the quantities that are consumed by the internal bone remodeling and the excess is transported to the surface of
the bone structure, where new bone material is deposited. We define this threshold as N0, which is dependent
on the porosity p. Then we assume a linear relation between the porosity p and the population N0:

N0 = ks p, (6)

where ks is the proportional coefficient that denotes the maximum growth factors which are consumed by the
internal bone remodeling in per unit volume. Because the variation of bone surfaces is very small, the surface
bone remodeling rate can be written as

{− da
dt = ke

(
N 0

F − N0
)
,

db
dt = kp

(
N 0

F − N0
)
,

(7)

where a denotes the radius of the inner surface and b denotes the radius of the outer surface. ke is the coefficient
of the endosteal remodeling rate, and kp is the coefficient of the periosteal remodeling rate. At the same time,
the population of growth factors to stimulate the internal bone remodeling NF = N0.
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3.2 Equations of piezoelectromagnetism in cylindrical coordinates

We consider a hollow, circular cylinder of bone that is subjected to a quasistatic axial load P , an external
pressure pt , an electric load ϕa (and/or ϕb) and a magnetic load ψa (and/or ψb). For the sake of simplicity,
the cylindrical coordinate system is used in the following analysis. The axial, circumferential, and normal to
the middle-surface coordinate length coordinates are denoted by z, θ , and r , respectively. In the cylindrical
coordinate system, the constitutive equations of a piezoelectromagnetoelastic solid can be given by [16]

σrr = c11εrr + c12εθθ + c13εzz − e31 Ez − α31 Hz,
σθθ = c12εrr + c11εθθ + c13εzz − e31 Ez − α31 Hz,
σzz = c13εrr + c13εθθ + c33εzz − e33 Ez − α33 Hz,
σzr = c44εzr − e15 Er − α15 Hr ,
Dr = e15εzr + κ1 Er + d1 Hr ,
Dz = e31(εrr + εθθ )+ e33εzz + κ3 Ez + d3 Hz,
Br = α15εzr + d1 Er + µ1 Hr ,
Bz = α31(εrr + εθθ )+ α33εzz + d3 Ez + µ3 Hz,

(8)

where σi j , Di , and Bi are components of stress, electrical displacement, and magnetic induction, respectively,
ci j is the elastic stiffness; ei j are piezoelectric constants, αi j are piezomagnetic constants, κi are dielectric
permitivities, di are magnetoelectric constants, and µi are magnetic permeabilities. The associated strains,
electrical field, and magnetic field are respectively related to the displacements ui , electric potential ϕ, and
magnetic potential ψ as

εrr = ur,r , εθθ = ur
r , εzz = uz,zεzr = uz,r + ur,z,

Er = −ϕ,r Ez = −ϕ,z, Hr = −ψ,r Hz = −ψ,z . (9)

For quasistationary behavior, in the absence of an electric charge, electrical current, or body force, the set
of equations for the piezoelectromagnetic theory of bone is completed by adding the following equations of
equilibrium for stress, electric displacement, and magnetic induction to Eqs. (8) and (9):

∂σrr
∂r + ∂σzr

∂z + σrr −σθθ
r = 0, ∂σzr

∂r + ∂σzz
∂z + σzr

r = 0,
∂Dr
∂r + ∂Dz

∂z + Dr
r = 0, ∂Br

∂r + ∂Bz
∂z + Br

r = 0.
(10)

The boundary conditions are

σrr = σrθ = σr z = 0, ϕ = ϕa, ψ = ψa at r = a, (11)

σrr = −pt , σrθ = σr z = 0, ϕ = ϕb, ψ = ψb at r = b, (12)

and ∫
S

σzzdS = −P, (13)

where a and b denote, respectively, the inner and outer radii of the bone, and S is the cross-sectional area.
The strain, electrical field, and magnetic field can be obtained by solving the above equations. They are

written as follows:

εrr = 1

F∗
3

(
c13 P

π(b2 − a2)
− c33b2 pt

b2 − a2

)
+ a2b2 pt

r2(c11 − c12)(b2 − a2)
, (14)

εθθ = 1

F∗
3

(
c13 P

π(b2 − a2)
− c33b2 pt

b2 − a2

)
− a2b2 pt

r2(c11 − c12)(b2 − a2)
, (15)

εzz = 1

F∗
3

[
2c13 pt b2

b2 − a2 − (c11 + c12)P

π(b2 − a2)

]
, (16)

εr z = −e15(ϕb − ϕa)

rc44 ln(b/a)
− α15(ψb − ψa)

rc44 ln(b/a)
, and (17)

Er = − (ϕb − ϕa)

r ln(b/a)
, Hr = − (ψb − ψa)

r ln(b/a)
, (18)

where F∗
3 = c33(c11 + c12)− 2c2

13.
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Once the strains, electrical field, and magnetic field are obtained, then the differential equations (1) and (7)
can be rewritten as ⎧⎪⎪⎨

⎪⎪⎩

d p
dt = f1(t, p, a, b),

da
dt = f2(t, p, a, b),

db
dt = f3(t, p, a, b),

(19)

where

f1(t, p, a, b) = Q R NR − QF NF , (20)

f2(t, p, a, b) = −ke(NF − N0), (21)

f3(t, p, a, b) = kp(NF − N0), (22)

and then the fourth-order Runge–Kutta integrating process is used to obtain the solution.
To show the results more clearly, the changes of the inner and outer surfaces can be written as the following

nondimensional parameters:

ε = a

a0
− 1, η = b

b0
− 1. (23)

Eqs. (14)–(18) show that all of the variables are dependent on r . Therefore, the environmental stimulus
must also be a function of r . Then, as the bone remodels itself, the stimuli of the inner and the outer surfaces
vary in the radial direction, which results in the variation of the BMU activation frequencies and the quantity of
growth factors in different locations of the bone. However, we assume that the growth factors can be uniformly
distributed to the bone structures by means of the fluid flow. The homogenized quantities of the growth factors
can be shown as follows:

N 1
R =

∫ 2π
0

∫ R2
R1

N 1
R(max)

(
1 − ekr�

)
rdrdθ

π
(
b2 − a2

) , (24)

where R1 denotes the inner radius at which the environmental stimulus exceeds the remodeling threshold and
R2 denotes the outer radius at which the environmental stimulus exceeds the remodeling threshold. We next
simulate the bone surface remodeling process numerically based on this model.

4 Bone remodeling simulation

To ensure simplicity, we consider a section of hollow cylindrical bone that is subjected to axial compressive
pressure P , transverse pressure pt , and pulsed electromagnetic loads. We also assume that the strain si j , the
electric field Ei , and the magnetic field Hi all return to zero at the end of each load cycle, so that their ranges
and peaks are the same. The model is given an initial porosity of 8%. The state variables and constants are
shown in Table 1.

As a numerical illustration of the bone surface remodeling process, we consider a femur with a = 25 mm
and b = 35 mm. The elastic moduli were calculated as ci j = c0

i j (1− p)n , ei j = e0
i j (1− p)n , αi j = α0

i j (1− p)n ,

where c0
i j , e0

i j , α
0
i j were constants that are related to the properties of materials and n = 3 [37]. The values of

material properties are assumed as follows:

c0
11 = 15 GPa, c0

12 = c0
13 = 6.6 GPa, c0

33 = 12 GPa,

c0
44 = 4.4 GPa, e0

15 = 1.14 C/m2, α0
15 = 550 N/A m.

Bone is usually subjected to pressure, and greater pressure can strengthen it. It has been reported that osteoclasts
migrate to the positive electrode in an electric field, whereas osteoblasts migrate to the negative electrode [38].
Therefore, all the remodeling rate coefficients are negative. They can be shown as

Crr = −0.06 m/day, Cθθ = −0.03 m/day, Czz = −0.04 m/day,

Czr = −0.01 m/day, Cr = 3 × 10−7 m/day, and Gr = 4 × 10−8 m/day.
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Table 1 Model state variables and constants

State variables
ci j Elastic modulus
ei j Piezoelectric constants
αi j Piezomagnetic constants
p Porosity
NR Number of resorbing BMUs
N 1

R Number of resorbing BMUs due to microdamage
NF Number of refilling BMUs in internal bone remodeling
N 0

F Number of refilling BMUs
N0 Maximum number of refilling BMUs consumed by internal bone remodeling
εi j Strains
Ei Electrical field
Hi Magnetic field
� Environmental stimulus
a Radius of inner surface
b Radius of outer surface
ε Variation rates of inner surface
η Variation rates of outer surface

Constant Value in this study

Q R Resorbing rate of bone tissues 2.0 × 10−4

QF Refilling rate of bone tissues 1.0 × 10−6

N 1
R(max) Maximum BMUs that can be generated by the body 0.8

k f Correlation coefficient of the refilling and resorbing process 1.8
kr Activation frequency dose-response coefficient -1.6
ks Proportional coefficient 0.6
ke Inner surface bone remodeling rate coefficient 0.25
kp Outer surface bone remodeling rate coefficient 0.4
RL Mechanical loading rate 3000
fe Frequency of the electromagnetic field 2
�U Upper threshold of bone remodeling 0.0048
N 0

R Number of naturally timeworn osteocytes 0.4
c1 Value of k f during the remodeling process 3.6 × 102

The initial inner and outer radii are assumed to be

a0 = 25 mm, b0 = 35 mm.

Four loading cases will be illustrated to examine the influence of axial pressure, transverse pressure, electrical
field, and magnetic field on bone remodeling. The results are presented in the following.

4.1 The effect of axial pressure on the bone remodeling process

To illustrate the influence of axial pressure on bone remodeling, the variation rate of the radii of the inner
surface and the changes of the porosity of the bone material are calculated, and are shown in Figs. 2a and b.
The applied loadings are P = 1.6, 1.8, 2.0, 2.2, 2.4 kN; no other loadings are applied.

Figures 2a and b show that axial pressure can strengthen bone tissue by the deposition of new bone material
in and on the surface of the bone. Fig. 2a shows the influence of axial pressure on internal bone remodeling.
The porosity of bone tissue decreases when the environmental stimuli exceed the MESm, which is defined as
the remodeling threshold. Overloads make the bone material denser and stronger. The elastic modulus also
increases, which results in a decrease of strains on the bone structure. The environmental stimulus decreases
at the same time that the strains become smaller. When the environmental stimulus returns to the remodeling
threshold, the porosity will not change any further. This shows that bone tissue can model itself to force the
environmental stimulus to revert to the remodeling range. However, when the axial loading is sufficiently high,
a further increase will have very little effect on the bone remodeling process. Two factors are responsible for
this. One is the lack of osteoclasts. The capacity of the body to produce osteoclasts restricts the upper limit of
growth factors. Therefore, the axial loading that can effectively stimulate bone remodeling must have an upper
limit. The other factor is saturation of growth factors. This seems to contradict the former factor. Nevertheless,
as mentioned above, when the porosity of the bone is sufficiently reduced, the quantity of growth factors will
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Fig. 2 a Variation of the porosity p for several axial overloads. b Variations of ε and η for several axial overloads

exceed the capacity of the bone to consume them. The unconsumed growth factors are then transported to the
surface by the fluid flow. At that time, an increase in the environmental stimulus can only accelerate surface
bone remodeling, not internal remodeling. Thus, the internal remodeling rate will also have an upper threshold.

Fig. 2b shows the influence of the axial pressure on surface bone remodeling. The results indicate that
the inner surface of the bone decreases and the outer surface increases when the axial loadings exceed the
MESm. The effect of axial pressure on the inner and outer surfaces indicates that axial pressure can increase
the cross-sectional area of the bone and, consequently, a thicker and stronger bone structure can be obtained,
which can decrease the strain on the bone structure. Furthermore, greater pressure can result in a greater change
in the surface of the bone and accelerate the recovery of injured bone.

If we examine the two figures together, interesting results can be found. In the case of internal bone
remodeling, when axial pressure increases, the porosity initially increases and then decreases as another
equilibrium state is finally achieved. The remodeling rate (the slope of the line) does not change with time
when P = 1.6 kN. In other cases, the remodeling rate decreases with the remodeling process. Nevertheless, the
surface remodeling rate increases during the remodeling process. The Surface remodeling finally reaches an
equilibrium state at the same time as the internal remodeling, although the time at which the surface remodeling
process begins is different. The greater the axial loading, the earlier the onset of surface remodeling. These
results can be illustrated as follows. We can see that surface bone remodeling is not triggered because of a
comparative insufficiency of the growth factors that are generated by the body when P = 1.6 kN. Therefore,
the internal bone remodeling rate remains unchanged. However, as the environmental stimulus increases,
more growth factors are secreted and finally exceed the consumption capacity of internal bone remodeling.
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Fig. 3 a Variation of the porosity p for several transverse pressures. b Variations of ε and η for several transverse pressures

Some of the growth factor is then transported to the bone surface, where new bone material is deposited and
surface remodeling is triggered, which results in a decrease of the rate of internal bone remodeling. As the
porosity of the bone structure decreases, more growth factors are transported to the bone surface. Hence, the
internal bone remodeling rate decreases as the surface rate increases, and they finally cease at the same time
when the remodeling process reaches equilibrium. This is different from the following cases because of the
inhomogeneity of the environmental stimulus. In addition, if the environmental stimulus increases, more growth
factors are released into the bone fluid. It is obvious that saturation can then more easily be reached and surface
remodeling be triggered earlier. Coupled remodeling is obviously more effective than separate remodeling. The
final porosity is then increased as the environmental stimulus increases. Bone tissue seems to have a capacity
to prevent the bone structure from becoming so dense that bone fluid cannot be transported effectively. In this
paper we are unable to state the exact threshold; further theoretical and experimental investigation is needed.

4.2 The effect of transverse pressure on the bone remodeling process

In this section we consider the influence of transverse loads on the bone remodeling process. The results are
shown in Figs. 3a and b. The applied loadings are P = 1.2 kN, pt = 0.1, 0.2, 0.3, 0.4, 0.5 MPa; no other
loadings are applied.

It can be seen from Figs. 3a and b that transverse pressures have some similar effects on the bone remodeling
process as those of axial loadings. For example, they can make the bone structure stronger and denser. They
can also increase the cross-sectional area of bone and make it thicker. Moreover, the rate of change increases
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as the magnitude of the loading increases. For surface remodeling, a difference in the trigger time also exists.
However, as noted, other differences are evident. First, for internal bone remodeling, a gradually convergent
process can be observed compared to the former case; for surface remodeling, the rate does not increase from
the beginning to the end of the remodeling process, rather it first increases and subsequently decreases. The
time cost for internal bone remodeling also varies from that for surface remodeling. Surface remodeling takes
less time than internal remodeling.

These differences result from the inhomogeneity of the environmental stimulus. As the transverse pressure
is loaded, an inhomogeneous strain field is generated, which results in the inhomogeneous distribution of the
environmental stimulus. The quantity of growth factor released into the bone fluid then varies in different
areas of the bone structure. As the environmental stimulus decreases due to the bone remodeling process,
the inhomogeneity disables the bone tissues in different areas of the bone structure from reaching the MESm
at the same time. This means that the bone tissue in some areas of the bone cannot excrete excess growth
factor (i.e., redundant growth factors after the refilling process) to deposit additional bone material because
the environmental stimulus is within the remodeling range. However, additional growth factors can still be
generated in the remaining areas at the same time, and new bone material deposition will continue until all of
the bone tissues return to the remodeling mode. The amount of bone tissue in the remodeling state will then
diminish as the bone remodeling process goes on. Thus, the gradual divergence of internal bone remodeling
and the rate change of surface remodeling can be easily understood. The reversal of the surface remodeling
rate occurs when some of the bone tissue reverts to the remodeling mode. In the case of axial loading, the
environmental stimulus is distributed homogeneously, which means that all of the bone tissue can revert to
the remodeling mode at the same time and internal and surface remodeling cease simultaneously. However, in
this case, when surface remodeling ceases not all of the bone tissue stops excreting additional growth factor.
Internal bone remodeling will continue until all of the bone tissue is in the remodeling mode. Thus, the surface
and internal remodeling cease at different times. It should be mentioned that, as we assumed above, growth
factors can be homogeneously distributed in bone structure due to the flow of bone fluid, so that a homogeneous
bone structure is maintained.

4.3 The effect of an electromagnetic field on the bone remodeling process

As earlier investigations have shown that the influence of electrical and magnetic fields is similar [16,17],
we here consider only the electrical field. The results are shown in Figs. 3a and b. The applied loadings are
P = 1.2 kN, ϕ = 5, 10, 15, 20, 25 V, fe = 2 Hz, and no other loadings are applied; here, ϕ = ϕb − ϕa .

Figures 4a and b show the effect of electrical loading on the internal and surface bone remodeling processes.
It can be seen that, as the electrical loading increases to a certain level, bone remodeling can be triggered. An
electrical field is able to model the bone structure to fit its environment so that the loading does not break or
harm it. Electrical fields can also make bone structure stronger and denser, and increase the cross-sectional
area of bone and make it thicker. The rates of change increase as the intensity of the loading increases. All these
features are effective methods to return a remodeling bone structure to the remodeling mode. Furthermore,
gradual divergence of the internal remodeling rate, differences in the trigger time, reversal of the change of the
rate of surface remodeling, and different cessation times can also be seen in this case due to the inhomogeneous
distribution of the environmental stimulus, as in the case of transverse pressure. However, an electrical field
seems to affect bone remodeling more moderately than does transverse pressure. The changes in the remodeling
rate under the electrical field are smoother and less marked.

4.4 The effect of multifield loadings on the bone remodeling process

The results in this section show bone remodeling behavior under multifield loadings. This case simulates a
bone structure that is subjected to axial and transverse pressure and a pulsed magnetic field. Several magnetic
loadings of different intensity are examined. The results can be seen in Figs. 5a and b. The applied loadings
are P = 1.5 kN, pt = 0.2 MPa, ψ = −0.2,−0.1, 0, 0.1, 0.2 A, fe = 2 Hz; here, ϕ = ϕb − ϕa .

Figures 5a and b show that a positive magnetic field can stimulate the bone remodeling process whereas a
negative magnetic field can do the opposite. When the bone structure is loaded by a positive magnetic field, both
the density and cross-sectional area increase, and stronger and thicker bone is generated. The more intense the
magnetic field, the stronger and thicker the bone, but a negative magnetic field can weaken bone remodeling,
making bone thinner and more porous. A positive magnetic field can play the same role as an increase in
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Fig. 4 a Variation of the porosity p subjected to different electrical fields. b Variations of ε and η subjected to different electrical
fields

transverse loading, whereas a negative magnetic field can replicate the effect of a decrease in such loading.
However, the effect of magnetic loading is smooth and gentle. Used as a method to control remodeling, it is
therefore an appropriate way of dealing with bone conditions.

5 Conclusions

In this paper we propose a growth-factor-related model to simulate bone surface remodeling behavior under
an electromagnetic field when the bone is overloaded. Among theoretical models for bone remodeling and
remodeling, there are some notable features [39]. For example, because more than one hypothesis can explain
most collections of facts, people can reasonably conceive different explanations for the same data. For this
reason, our model is different from others and the results appear unique. It is harder to validate hypotheses than
the facts that are their foundation. Despite these difficulties, however, we plan to seek experimental validation
of this model. Traditionally, many good hypotheses have proved more useful than the data that originally
led to the development of these hypotheses. Supplementing early views about bone physiology with newer
evidence, ideas, and terminology led to a new concept of bone physiology. Our model is based on observations
of the biological effects of extremely low-frequency electromagnetic fields. The surface remodeling behavior is
simulated numerically, based on the proposed model, and the influences of axial pressure, transverse pressure,
and electromagnetic fields are examined. The results suggest interesting elements of bone physiology, which
may be useful for clinical practice. For example, the axial and transverse pressure or electromagnetic loadings
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can really stimulate the bone remodeling and accelerate the bone recovery process. Our results also suggest
a potential application of those method in the medical treatment of osteoporosis, tendonitis, osteonecrosis,
fractures, and nonunion, etc. However, it should be mentioned that our results are obtained by theoretical
simulation. The concrete applications are not indicated based on present results. Furthermore, theoretical and
experimental investigation is necessary to supplement the present model to refine and validate it before it can
be applied to direct the medical treatment of these bone diseases.
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