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1. Introduction

Over the time of a person's life, bone resorption and formation can take place in order to repair the injured area and
modify strength to satisfy the requirements of the human body. According to Wolff's law theory [1], the trabecular
bone architecture can change depending on the load characteristics and external geometry of the bone. Eriksen et al.
[2], take the data from histomorphometry research and concludes that bone remodelling behavior has 3 processes:
resorption (osteoclast phase depth 19 £ 4.9 pm, mononuclear cells phase depth 49.1 + 10.2 pum), reversal, and
formation (preosteoblast 62.6 £ 12.5 pm) as shown in Fig. 1. Frost's [3] research on the relationship between
mechanical force magnitude and the size of bone resorption and formation at the surface, is shown in Table 1.
Based on this theory, a lot of research has been done to determine the relationship between adaptation and mechanical
loading.
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Fig. 1. Trabecular bone remodelling. Osteoclast depth 19 + 4.9 um, mononuclear cells depth 49.1 = 10.2 um and
preosteoblast 62.6 £ 12.5 um. [2, 4]
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Table 1: Set Point Values for Bone’s Thresholds and Ultimate Strength (Microstrain) [3]

Microstrain Action Mean
MESr 50-100 < Disuse a bone Remodelling mechanical thresholds
MESm > 1000-1500 Build up a bone Modeling mechanical thresholds
MESp > 3000 Overload Pathological mechanical thresholds
Fx 25000 Fracture Fracture strength

The strain energy density (SED) is the most commonly used variable in the analysis [5] and there are a few other
variables [6-8]. But most of them are complicated to analyze and use. In addition, clinical data [2-4] on bone
adaptation are researched for diagnosis and treatment purposes in medicine [9].

Therefore, the purpose of this research is to develop a simplified bone remodelling algorithm using finite element
method (FEM) for bone remodelling based on clinical data on bone adaptation and Wolff's law theory. The
architecture and porosity of trabecular bone can be predicted using the results of this study.

2. Materials and Methods
2.1 Bone Remodelling Algorithm

In the present study, the bone remodelling algorithm was created based on clinical data [2-4] and Wolff’s law theory
[1] as shown in Fig. 2. Beginning, the FEM model was simulated and analyzed by using the conventional FEM
program named Marc/Mentat 2020. The equivalent of total strain (nStrain) at each gauss point of the element
(nNumber_Element) was obtained, and then each element was checked to ensure that it was a pore surface of the
element. (nNumber_Element_Pore_Surface). Once the pore surface element had been confirmed, the remodelling
behavior level [3], as shown in Table 2, was taken into consideration.

As illustrated in Fig. 2, the trabecular bone component of the bone remodelling algorithm was modified following
the bone matrix’s addition (nStrain>1000) or removal (nStrain<100) on the bone pore's free surface. To simplify the
adaptation size from [2, 4], the resorption depth is 68.1 £ 15.1 um and the formation depth is 62.6 + 12.5 pm. Distance
from Ref. bone surface in the final process is called “Remodelling balance”. According to Table 2, the maximum
remodelling balance is added +22.1 pm (easily usable: 30 um), and the minimum is removed -33.1 pum (easily usable:
-30 pum).

The FEM bone model in Fig. 3 was constructed using the cortical and trabecular bone components. The cycle (i) of
bone remodelling was repeated until the bone matrix modification becomes insignificant (i=6). In contrast to the
component of trabecular bone, the cortical bone region was not taken into account in the bone remodelling algorithm.

2.2 Finite Element Model and Boundary Condition

In this paper, Fig. 3 shows a piece of bone with 1 mm of thickness was simulated into 2D FEM model with 9.57 mm
X 9.96 mm of the face area. The FEM model was subdivided into 2 components. Above was trabecular bone, with a
spongy appearance. This square area was 9.57 mm x 9.57 mm [6, 7, 10, 11] of the face area and had each separation
thickness of 0.57 mm [12]. In this region, the bone pores were arranged into a uniform pattern. Below is cortical
bone, size 9.57 mm x 0.39 mm. In order to obtain the distributed force behavior of the bone that is similar to the body,
and to compare the differences in bone deformation between the lower and higher forces, the triangular distributed
load was performed on the top and fixed in y-direction along the bottom and fixed x-direction at the corner of the
FEM model. The magnitude of the triangular distributed load is increased until the behavior of the adaptive model
changes. The forces applied in this model have magnitudes of 1 and 2 MPa, as shown in Table 3.

Material properties of cortical and cancellous bone were assumed to be homogeneous, isotropic and linear elastic as
shown in Table 4.

The model performed a two-dimensional FEA under a plane stress condition with 1 mm thickness. The mesh size

was 30um x 30um of four-node quadrilateral elements. (Mesh size of the models was optimized to have errors within
1%, a converged mesh size is 30 um)
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Fig. 2. Bone remodelling algorithm
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Table 2: Distance from the reference bone surface in each process. The maximum is shown by the green line, and

the minimum is shown by the red line.
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Fig. 3. FEM model and boundary condition [6, 7, 10, 11] triangular distributed stress

Table 3: Load case of each FEM model

Model Load case Stress (MPa)
A triangular distributed 1
B triangular distributed 2

Table 4: The material properties of bone [11-14]

Bone type

Elastic modulus (GPa)

Poisson’s ratio

Cortical Bone
Trabecular Bone

18.6
104

0.3
0.3
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3. Result and Discussion

Models A and B applied triangular distribution in compressive stress 1 and 2 MPa on the top of the FEM model,
respectively. Based on these characteristics of force, the right side of the model exhibit more stress and strain than
the left side of both models as shown in Fig. 4. Areas affected by less force have less stress and strain. The region's
surface with strains less than 100 microstrain (MESr) has decreased naturally to remove unnecessary parts, which are
shown by dark gray regions. The hole surface in this model was simply removed 30 um at a time, according to
Table 2. The balancing region, which is the architecture of the properly stressed bone that causes the bone surface to
neither increase nor decrease, is represented by the gray area. And the light gray area has a strain higher than 1000
microstrain (MESm) because it's heavily stressed by a lot of force. Normally, the bone in this region grows new bone
by itself to expand the area that can absorb the force. In this model, the hole surface was simply increased by 30 pm
at a time as shown in Table 2. Figure 4a clearly demonstrates that most areas are balanced (grey), resorption (dark
grey), and less is required for bone formation (light gray) because model A is a low magnitude force. That increasing
force is present in model B. As shown in Fig. 4b, it was discovered that there were significantly more areas that
needed formation (light gray) than in model A.
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Fig. 4. The equivalent elastic strain at the 1st cycle by FEM program: (a) Model A (b) Model B
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Fig. 5. Bone architecture at the last cycle (loop 6th): (a) Model A (b) Model B

2023, Volume 11(2)/ 5



Table 5: Result of bone model

Model A Model B
Number of Cycles Bone area Maximum von mises Bone area Maximum von mises
(mm?) stress (MPa) (mm?) stress (MPa)
1 63.0837 32.98 63.0837 66.89
2 62.2548 21.79 64.8026 57.64
3 61.4294 24.29 66.3623 46.97
4 60.6573 20.27 67.8014 39.51
5 59.9359 17.69 69.1073 35.52
6 59.2749 15.08 70.2379 35.42
Reduction of area (%) 93.96 111.34

If the strain is greater than MESm, the region develops the bone matrix. However, if the strain is less than MESr, the
bone reduces, and the adaptation is clearly obvious, as shown in Fig. 5. Both model A and B's bone matrices in
Fig. 5 exhibit identical formation and decay patterns. There was a lot of decomposition in the low strain area on the
left side of the model, and a lot of bone growth in the high strain area on the right. In Model A (Fig. 5a) and Model
B (Fig. 5b), it is apparent that Model A's pore size is bigger than Model B's. Model B's bone matrix and separation
thickness are thicker than Model A's, as seen by the model areas in Table 5. This result is consistent with the
magnitude of the forces applied.

The large differences between models A and B are apparent, as shown in Table 5, which represents the values of the
area and the maximum von mises stress. The area of model A decreases in each loop due to the presence of many
regions with a strain less than MESr (less than 100um), in contrast to model B, which has many areas with a higher
strain than MESm (more than 100um), as shown in Fig. 4. It illustrates that by using the same model but different
values of force and strain, completely different results can be obtained. Whether the area decreases, as in model A,
or increases, as in model B, as the number of cycles increases, the maximum von misses stress value always tends to
decrease when remodelling is done to achieve the optimal balance of load and geometry, as shown in Table 5.

Stress Cycle
Load 0 (Start) 2 4 6

1 MPa

2 MPa

Fig. 6. Bone architecture at cycles 0, 2, 4, and 6.
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From the 6 cycles of the bone remodelling algorithm as Fig. 2, the adaptation of the bone matrix around the bone
pore in both load cases can be seen in Fig. 6. Since the applied load direction was in the vertical axis and obtained
enough level of strain value to build up a bone matrix, the vertical separation thickness was increased, whereas the
horizontal separation thickness is broken due to a less stressful region. The separation region rapidly decreases in the
low-load zone (left side of the model). As a result, the pores in the nearby bone combine to form a larger cavity. And
as the loop grows longer, it tends to merge more pores. The separation area gradually thickens in the highly loaded
area (right side of the model), resulting in fewer pores and more bone matrix.

4. Conclusion

The human bone remodelling behavior occurring on the surface of trabecular bone leads to changes in the architecture
pattern. This algorithm, simulated from an adaptive process, utilizes strain as a criterion for forming and resorbing
the bone matrix. The strain depends on the load characteristics and external geometry, consistent with Wolff's law
theory and biological response. The algorithm was applied to the bone model. The trend of trabecular bone
architecture has been observed since the first simulation, and it has gradually adapted with each cycle until it reached
a steady state. The trend of maximum von Misses stress was similar, with a high value in the initial cycles that
gradually decreased in each subsequent cycle until it stabilized, while the bone matrix area could either increase or
decrease depending on the strain value that occurred. Because the remodelling algorithm is modeled based on the
behavior of human bone resorption and formation, it is easy to understand and simplify the analysis. In the future,
this concept may be utilized to predict bone architecture by modeling the characteristics of diverse forces and external
shapes.
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