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Abstract 21 

To elucidate the underlying bone injuries in firefighters exposed to long-term 22 

high-frequency training, this study investigates the nutrient transport characteristics of 23 

the lacunar-canalicular system (LCS), which is critical for sustaining bone cell 24 

activity and bone remodeling. A two-dimensional fluid-solid coupling model was 25 

constructed combined with the particle tracking method, to quantitatively evaluate the 26 

effects of three loading frequencies (0.5 Hz, 1 Hz, 2 Hz) and five porosity levels 27 

(covering sclerotic, normal and osteoporotic bone) on LCS transport efficiency, with 28 

comparative analyses against the general population. The results demonstrate that 1 29 

Hz represents the optimal loading frequency for LCS nutrient transport in firefighters. 30 

Nutrient transport efficiency elevates with increasing frequency in normal and 31 

osteoporotic bone, whereas modifying frequency yields no improvement in sclerotic 32 

bone due to its dense pore structure. This study provides a theoretical basis for 33 

optimizing training parameters and developing hierarchical bone health interventions 34 

to reduce exercise-related bone injury risk in firefighters. 35 

Keywords: Firefighters; Lacunar-Canalicular System; Fluid-Solid Coupling; Nutrient 36 

Transport; Porosity 37 

1. Introduction 38 

Due to the requirements of fire rescue, emergency rescue, and other tasks, 39 

firefighters need to conduct long-term specialized training such as weighted running, 40 

climbing training, and heavy object handling. Although this type of training helps 41 

build essential physical capacity, it also causes parts such as the lumbar spine and 42 

*Corresponding author: Dr. Ailing Hao (haoailing@tfri.com.cn), Tianjin Fire Science and 43 

Technology Research Institute of MEM, Tianjin 300381, China. 44 

lower limb bones to continuously bear mechanical stress far exceeding that of the 45 

general population, leading to prominent injury issues related to high-intensity loads 46 

[8][13][18][19][30]. According to a study by CAMPBELL R B et al. [3], in 2021, the 47 

number of U.S. firefighters injured during training accounted for 58% of the total 48 

number of injured firefighters, reaching 35,235; analyzing historical U.S. data,  49 
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CARRPRIES N J et al. [4] also found that the ankle, knee, and leg are the most 50 

common injury sites among firefighters. To address this issue, existing studies have 51 

proposed intervention directions. For example, VAULERIN J et al. [26] pointed out 52 

that rehabilitation training, personalized physical exercise, and improved working 53 

environments can prevent and treat ankle injuries in firefighting occupational training; 54 

GAMES K E et al. [10] found that personal protective equipment affects the dynamic 55 

balance of firefighters, and suggested reducing negative impacts through balance and 56 

coordination training and designing lighter equipment. 57 

Notably, excessive loading or high-frequency loading during firefighters' training 58 

not only easily causes direct bone damage but also exerts a significant negative 59 

impact on the material transport function of the lacunar-canalicular system (LCS)—a 60 

key functional structure of osteocytes. This mechanism is crucial for understanding 61 

the pathological process of bone damage. From the perspective of the correlation 62 

between LCS material transport and loading parameters, multiple studies have 63 

verified the interfering effect of abnormal loading through various methods: Xing et al. 64 

established a multi-scale fluid-solid coupling model and found that excessive loading 65 

increases the flow velocity in superficial lacunae while expanding the pressure 66 

difference, high-frequency loading triggers countercurrent flow in deep regions, and 67 

abnormal gravitational fields can further exacerbate these effects [29]; Price et al. 68 

verified through in vivo experiments using fluorescence recovery after 69 

photobleaching (FRAP) that physiological loading can increase the proportion of 70 

solute convective transport in the LCS, while excessive or high-frequency loading can 71 

cause this proportion to drop sharply or even lead to transport stagnation [20]. 72 

Collectively, these studies provide multi-dimensional evidence for the claim that 73 

"abnormal loading impairs LCS transport function". 74 

From the perspective of the correlation between LCS structural integrity and 75 

bone metabolism, excessive loading can also trigger a metabolic cascade by damaging 76 

the LCS structure. Taking osteoporotic mice as the research object, Gatti et al. found 77 

that excessive loading (2500 µε, 1 Hz) leads to the collapse and inner diameter 78 

reduction of canaliculi, resulting in an exponential increase in flow resistance and a 45% 79 
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decrease in the nutrient supply efficiency to deep osteocytes [11]. From the 80 

perspective of bone permeability, Murshid pointed out that excessive loading activates 81 

the osteocyte apoptosis pathway, reduces LCS permeability, and shortens the solute 82 

diffusion distance [17]. Such structural damage and impaired transport function 83 

ultimately lead to bone metabolic imbalance and decreased repair capacity. By 84 

establishing a chemo-poroelastic model for simulation, Dittmer et al. also emphasized 85 

that LCS transport disorders can double the bone repair cycle and increase the fracture 86 

risk by 35% [9]. 87 

In recent years, researchers have developed theoretical models to quantitatively 88 

describe the above mechano-biological coupling mechanisms and bone remodeling 89 

processes. Specifically, Scerrato et al.[23] proposed a novel formulation based on the 90 

hyperbolic Cattaneo equation to describe the mechano-transduction process occurring 91 

in bone remodeling, offering a new perspective on signal propagation under 92 

non-physiological loading. Minku et al.[16] developed a quasi-brittle strain-driven 93 

microdamage-informed remodelling approach, which can predict damage and 94 

remodelling patterns in the proximal human femur under high-intensity loads. 95 

Barchiesi and Hamila[2] established a phase-field model based on the maximum 96 

mechano-damage power release criterion, enabling the analysis of mass diffusion in 97 

damaging deformable solids—a framework highly relevant to understanding transport 98 

disturbances in the lacunar-canalicular system under excessive loading. These 99 

theoretical advances provide valuable tools for further elucidating the pathogenesis of 100 

training-induced bone injuries in firefighters. 101 

In summary, there are significant differences between the high-frequency loading 102 

of firefighters' occupational training and the physiological loading of the general 103 

population. Although existing studies have confirmed that excessive or 104 

high-frequency loading impairs LCS material transport, there remains a lack of 105 

systematic understanding regarding the specific patterns of LCS nutrient transport in 106 

firefighters under high-frequency scenarios. This study intends to establish an LCS 107 

fluid-solid coupling model, quantify the transport patterns of nutrient particles under 108 

different frequencies and porosities, and conduct comparative research with the 109 
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general population. The aim is to reveal the characteristic patterns of LCS nutrient 110 

transport in firefighters during high-load and high-frequency training, thereby 111 

providing theoretical support for optimizing training parameters and protecting bone 112 

health. 113 

2. Materials and Methods 114 

2.1 Model and Boundary Condition Setting 115 

Osteocytes are not only regulated by fluid shear stress (FSS); solute transport in 116 

the LCS also provides essential nutrients to osteocytes. Therefore, a two-dimensional 117 

fluid-solid coupling model incorporating lacunae and canaliculi was established to 118 

investigate the effects of different porosities and loading frequencies in the bone 119 

matrix on the solute transport patterns of the LCS. Among them, the lacunae were 120 

designed as circles, while the canaliculi were designed as rectangles. The lacunae are 121 

interconnected via the canaliculi. For the mesh of the LCS model, a free triangular 122 

type was adopted, with a maximum element size of 0.9 μm, a minimum element size 123 

of 0.0018 μm, a maximum element growth rate of 1.1, and a curvature factor of 0.2, 124 

resulting in a total mesh count of 410,000. In the solid domain of the model, 125 

displacement loads of 1500 με and 3000 με were applied to the top, corresponding to 126 

the physiological load of civilians and the weighted load of firefighters, respectively; 127 

a fixed constraint was applied to the bottom. For the fluid domain, the left end was set 128 

as the fluid inlet, and all other ports were set as fluid outlets. A pulsating pressure 129 

constraint was applied at the inlet, and the outlets were set as open boundaries. 130 

The interstitial fluid flow is driven by the combined action of solid deformation 131 

and arterial pressure. Three frequency conditions (0.5 Hz, 1 Hz, and 2 Hz) were set 132 

for the displacement load[1][6], corresponding to the movement conditions of slow 133 

walking, brisk walking, and running, respectively. This is illustrated in Fig. 1. 134 

Furthermore, five porosities (0.012, 0.032, 0.06, 0.14, and 0.32) were set by adjusting 135 

the sizes of lacunae and canaliculi to systematically investigate the effect of porosity 136 

on solute transport[5]. 137 

In this study, COMSOL Multiphysics was employed to implement coupled 138 
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simulations combining poroelastic fluid-solid coupling and fluid particle tracking. The 139 

multiphysics model was established using the Solid Mechanics, Fluid Flow and 140 

Particle Tracing modules. A segregated transient solver was adopted to sequentially 141 

compute the fluid-solid coupling field and particle trajectories, with the maximum 142 

nonlinear iteration number specified as 50. The relative tolerance and absolute 143 

tolerance factor were both set to 1×10−5, the convergence termination criterion was 144 

tolerance-based, the maximum inner iteration was 10 with a tolerance factor of 1×10−3, 145 

and the solution convergence was defined as the stopping rule. For mechanical 146 

boundary conditions, sinusoidal periodic loads with varied frequencies were applied 147 

on the loading surface, and full fixed constraints were assigned to the bottom surface. 148 

Pulsating pressure was imposed at the fluid boundaries, while no-flow seepage was 149 

defined on all wall boundaries. Particles were uniformly released at the fluid inlet for 150 

subsequent solute transport statistics. Mesh files and raw experimental datasets are not 151 

publicly available; all core computational parameters have been fully presented in the 152 

manuscript to enable independent replication of the simulation by other researchers. 153 

2.2 Material Properties 154 

Therefore, this study established a finite element model of the LCS based on the 155 

poroelastic constitutive theory, and porosity and permeability were set to represent the 156 

pore proportion of the LCS within the bone. The elastic modulus of the bone is 15 157 

GPa, and the Poisson's ratio is 0.3 [14]. The interstitial fluid is an incompressible 158 

Newtonian fluid with a density of 1000 kg·m⁻³ and a dynamic viscosity of 0.001 Pa·s 159 

[28].The inlet fluctuating pressure is set to 5000 Pa at a loading frequency of 1 Hz 160 

[12]. 161 

In the LCS, interstitial fluid flow facilitates nutrient particle transport and 162 

maintains osteocyte viability. The particle tracking method was employed to simulate 163 

the motion of nutrient particles, which are governed by fluid forces within the flow 164 

field. Their movement trajectories were tracked by calculating velocity and position, 165 

thereby characterizing particle transport behavior under different flow conditions. 166 

In this study, the particles have a density of 1000 kg·m⁻³ and a diameter of 20 nm 167 
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[27]. At the inlet of the fluid domain, the particle release period ranges from 0 to 0.1 s, 168 

with a release interval of 0.0005 s, and 1000 solute particles are released each time. 169 

The initial release velocity of the particles depends on the fluid flow velocity. At the 170 

outlet, the outgoing solute particles are frozen to facilitate counting the number of 171 

solute particles that pass through during the transport process. 172 

 173 
Figure 1. Model and boundary condition setting. (a) femur model and boundary condition; (b) 174 

trabecular bone model and boundary condition; (c) LCS model and boundary condition. 175 

3. Results 176 

3.1 Study on the Characteristics of Particle Transport Patterns 177 

A comparative analysis was performed on the results of firefighters and normal 178 

subjects at a loading frequency of 0.5 Hz and a time point of 0.1 s. The results show 179 

that although the particle number in the first osteocytic lacuna of normal subjects was 180 

significantly higher than that of firefighters, the values in the second and third 181 

osteocytic lacunae were notably lower, as shown in Fig. 2. 182 



 

 8 

 183 

Figure 2. Comparison of substance transport rates in the LCS between firefighters and civilians 184 

under the same time condition. (a)~(b) firefighters; (c)~(d) civilians. 185 

Further investigations reveal that at a frequency of 0.5 Hz, the solute particle 186 

transport efficiency of firefighters is significantly lower than that of normal 187 

individuals within the period of 0.2 s~1 s, and the two values gradually converge over 188 

time (Fig. 3a). When the frequency is increased to 1 Hz, the above trend is reversed, 189 

and the particle transport efficiency of firefighters is notably enhanced during 0.2 s~1 190 

s (Fig. 3b). At a frequency of 2 Hz, the pattern of particle transport is generally similar 191 

to that at 0.5 Hz (Fig. 3c). 192 

 193 
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 194 

Figure 3. Solute transport patterns in the LCS for firefighters and civilians at different loading 195 

frequencies and time points. (a) 0.5 Hz; (b) 1 Hz; (c) 2 Hz. 196 

Quantitative statistical analysis was performed on particle counts under various 197 

working conditions. The results show that at a frequency of 1 Hz, the particle number 198 

in the first osteocytic lacuna of firefighters reached a peak, nearly twice that of normal 199 

people at the same frequency (Fig. 4a). A similar trend was found in the second 200 

osteocytic lacuna, where the particle count was 10.5% higher than that in normal 201 

people over the same duration (Fig. 4b). In contrast, in the third and fourth osteocytic 202 

lacunae, the particle numbers in normal individuals were significantly higher than 203 

those in firefighters at all frequencies and time points. These results confirm that 1 Hz 204 

can significantly improve the initial particle transport efficiency under high-load 205 

working conditions (Figs. 4c~d). 206 
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 207 

Figure 4. Quantity of substance particles in the LCS of firefighters and civilians under different 208 

loading frequencies. (a)~(d) correspond to lacunae 1~4, respectively. 209 

3.2 Effect of Different Porosities on Particle Transport Patterns 210 

In addition, results from models with five different porosities show that with 211 

increasing loading frequency, the efficiency of solute particle transport is significantly 212 

improved, thus supplying nutrients to osteocytes, as shown in Fig. 5(b)~(e). However, 213 

for models with excessively low porosity, increasing the loading frequency fails to 214 

enhance the transport rate and efficiency of solute particles, as illustrated in Fig. 5(a).  215 
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 216 
Figure 5. Statistics of particle transport quantity in the LCS under different cases. (a)~(e) show the 217 

number of particles remaining in the LCS at different time points (with porosities of 0.012, 0.032, 218 

0.06, 0.14, and 0.32, respectively). 219 

4. Discussion 220 

This study focuses on bone injury issues caused by firefighters' occupational 221 

training. By setting displacement loads of 1500 με and 3000 με, and a frequency 222 

gradient of 0.5 Hz~2 Hz, it accurately simulates the mechanical load characteristics of 223 

different intensities and rhythms in firefighters' training. In particular, the 3000 με 224 

load is corresponding to high-intensity training scenarios, which constitutes a distinct 225 

difference from the physiological loads of the general population. Meanwhile, five 226 

porosity working conditions are introduced to cover pathological states such as 227 

osteosclerosis, normal compact bone, and osteoporosis. This not only accounts for 228 

potential pathological changes in firefighters' bones due to long-term training but also 229 

provides a stratified research foundation for subsequent clinical interventions. 230 

The results demonstrate that at frequencies of 0.5 Hz and 2 Hz, the solute particle 231 

transport rate in the LCS of the general population is significantly higher than that of 232 

firefighters; however, at 1 Hz, the transport efficiency of the firefighter group 233 

surpasses that of the general population. This "frequency inflection point" 234 

phenomenon holds important physiological significance. Further findings indicate that 235 

the optimal frequency for the firefighter group may shift toward lower frequencies. 236 
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This difference may be related to the adaptive structural changes in the LCS of 237 

firefighters caused by long-term high-frequency training — as stated by Gatti et al. 238 

[11] excessive loading can lead to the collapse of osteocytic LCS tubules and a 239 

reduction in their inner diameter. The LCS of firefighters may form an "adaptive 240 

response" to the 1 Hz frequency through structural remodeling. It is speculated that 241 

this is because the flow resistance of interstitial fluid decreases at this frequency, 242 

increasing the proportion of solute convective transport. In contrast, insufficient load 243 

intensity at 0.5 Hz and excessive threshold loading inducing deep countercurrent at 2 244 

Hz both result in decreased transport efficiency. Previous studies have demonstrated 245 

that loading frequency and strain rate significantly regulate the adaptive responses of 246 

bone [24][25] Mechanical stimulation with high strain frequencies can accelerate 247 

bone formation, and mechanical loading within a specific frequency range contributes 248 

to enhanced bone anabolism and bone remodeling efficiency [21]. Consistent with 249 

these findings, the present study further complements and refines the 250 

frequency-dependent mechanical characteristics of bone.  251 

For cancellous bone models with varying porosities under constant strain, rising 252 

porosity reduces trabecular FSS and suppresses the biological activities of 253 

osteoblasts[7][22]. By contrast, increasing loading magnitude or lowering trabecular 254 

porosity markedly elevates FSS and interstitial fluid pressure within bone 255 

marrow[14][15]. Results from working conditions with different porosities indicate 256 

that for working conditions 2~5, the solute transport efficiency increases significantly 257 

as the loading frequency rises. However, for case 1, even increasing the frequency 258 

fails to improve the transport rate. From the perspective of substance transport, this 259 

result verifies the correlation between bone pathological states and mechanical load 260 

responses: the low porosity of osteosclerosis leads to poor connectivity of the LCS 261 

network and a significant increase in interstitial fluid flow resistance, thus resulting in 262 

no improvement in transport efficiency. In contrast, the pore structures of normal bone 263 

and osteoporotic bone retain a certain degree of connectivity, and increased frequency 264 

can enhance interstitial fluid convection.  265 

For firefighters' occupational health, this result holds important clinical guiding 266 

value: due to long-term training, firefighters are prone to developing bone hyperplasia 267 
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or osteoporosis. Therefore, differentiated intervention plans need to be formulated for 268 

firefighters with osteoporosis based on different bone pathological states. Moderate 269 

frequency training of approximately 1 Hz can be used to improve LCS transport 270 

efficiency, thereby assisting in enhancing bone nutrient supply. However, for 271 

firefighters with an osteosclerotic tendency, simply adjusting the training frequency 272 

has limited effects; it is necessary to integrate other scientific and technological 273 

approaches to repair the structural integrity of the LCS, creating conditions for 274 

subsequent load intervention. 275 

This study still has certain limitations. First, the model adopts a two-dimensional 276 

(2D) LCS structure. Although it can simulate the basic connectivity between 277 

osteocytic lacunae and canaliculi, it differs from the in vivo three-dimensional (3D) 278 

LCS network. This discrepancy may lead to inconsistencies between the interstitial 279 

fluid flow paths in the model and the actual physiological conditions, thereby 280 

affecting the accuracy of the particle transport patterns. Second, particle tracking only 281 

accounts for fluid forces such as inertial force and buoyancy, and does not incorporate 282 

the influence of active transport by osteocytes (e.g., endocytosis and exocytosis) on 283 

solute transport. However, in the actual physiological environment, active cellular 284 

transport may further regulate the distribution of nutrients. Third, the study does not 285 

involve the dynamic remodeling process of the LCS structure triggered by long-term 286 

training, and thus cannot clarify the long-term evolution mechanism of frequency 287 

adaptability. Future research needs to verify this mechanism through longitudinal 288 

animal experiments or clinical follow-ups. 289 

Focusing on the high-frequency training scenarios of firefighters, this study 290 

reveals the frequency-specific patterns of nutrient transport in the LCS and 291 

quantitatively analyzes the differences in LCS transport responses under different 292 

bone pathological conditions. The research findings can provide a basis for 293 

formulating personalized training and rehabilitation programs for firefighters with 294 

different pathological conditions, reduce the incidence of training-related bone 295 

injuries among firefighters, and further safeguard their occupational health. 296 

5. Conclusion 297 
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In conclusion, this study analyzed LCS nutrient transport using a 2D fluid-solid 298 

coupling model (with particle tracking), examining loading frequencies (0.5, 1, 2 Hz), 299 

five porosity types, and comparing with the general population. Within the 300 

investigated frequency range, 1 Hz is the relatively optimal loading frequency. For 301 

normal and osteoporotic bone, LCS transport efficiency rises with increasing 302 

frequency, whereas such tendency is absent in sclerotic bone. Owing to skeletal 303 

adaptive remodeling induced by long-term training, the optimal frequency for 304 

firefighters differs from the general population. The study enriches bone 305 

mechanobiology and provides a basis for optimizing firefighters’ training parameters 306 

and hierarchical bone health interventions. 307 
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