



Application of Piezoelectric Properties in Understanding Voltage Generation, Displacement, and Acceleration via Packed Sickle Cell
Abstract

Sickle cell disease (SCD) is a hereditary haematological disorder characterised by the synthesis of an abnormal form of haemoglobin, haemoglobin S (HbS). This study derives and analyzes a mathematical modeling of voltage generation, cell displacement, and acceleration using the piezoelectric properties of sickle cells. Blood is an electrically active biological fluid whose mechanical and electrical properties depend strongly on the behavior of its cellular components. In sickle cell disease (SCD), red blood cells undergo structural deformation and reduced deformability, which significantly alter blood flow dynamics, ion transport, and electrical characteristics. Understanding these effects is essential for the development of low-cost and non-invasive diagnostic approaches, especially in regions with limited access to advanced medical facilities. The main objective of this study is to formulate and examine a mathematical model describing the coupled mechanical and electrical responses of packed sickle red blood cells under physiological flow conditions. The model incorporates piezoelectric constitutive relations, mechanical stress, and electrical charge generation arising from cell motion and deformation. The governing equations were derived using Newton’s laws of motion and Kirchhoff’s voltage law, transformed into a state-space form, and solved analytically. Numerical simulations were performed using Wolfram Mathematica version 12 to evaluate the effects of stiffness, noninvasive constant, applied force, and number of sensors. The results showed that cell displacement and acceleration increase with Reynolds number and applied force but decrease with increasing stiffness. Voltage generation rises with increasing turbulence, stiffness, and external force, confirming strong electromechanical coupling. These findings highlight the potential of voltage-based bioelectrical techniques for noninvasive diagnosis and monitoring of sickle cell disease.
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Introduction
Blood is a specialized fluid tissue in the human body that plays a pivotal role in sustaining life. It performs critical functions, including oxygen transport, immune defense, hormone distribution, and waste removal. The composition of blood includes plasma, red blood cells (RBCs), white blood cells (WBCs), and platelets. Hall et al. (2020). Blood is an electrolytic fluid composed of ions, proteins, and cells, allowing it to conduct electrical signals. The presence of red blood cells (RBCs), including sickled and normal cells, affects the dielectric properties and conductivity of blood. These factors are crucial in bioimpedance studies and biosensor applications. Normal RBCs exhibit deformability and consistent shape, contributing to uniform conductivity. Sickled RBCs are rigid and irregular, leading to altered flow dynamics and electrical impedance. Daniel et al. (2023) conducted a study on anatomy and blood flow. In his study a mathematical model was formulated to investigate the flow of blood in the human vessels and organs through which blood flows in the body.  It was shown through the study that the blood flow can vary in its intensity, direction, and type of flow (laminar, turbulent). This process involves different mechanical signals to the tissues, with mechanotransductive responses specific to the type of flow. Blood consists of two main components: plasma (55%), the liquid portion of blood that contains water, electrolytes, proteins (such as albumin and fibrinogen), glucose, lipids, hormones, and waste products like urea. It serves as a medium for transporting cells and substances throughout the body. Bunonyo et al. (2020) conducted a study on the lipid concentration effects of blood flow through an inclined arterial channel with a magnetic field. Red Blood Cells (RBCs): RBCs are responsible for transporting oxygen from the lungs to body tissues and carrying carbon dioxide back to the lungs for exhalation. They contain haemoglobin, a specialised protein that binds oxygen and facilitates efficient gas exchange.

White Blood Cells (WBCs): WBCs are key components of the immune system, protecting the body against infections, pathogens, and foreign substances. They comprise several types, including neutrophils, lymphocytes, monocytes, eosinophils, and basophils, each with specific roles in immune defence and inflammatory responses.

We’ll dive a little into Red Blood Cells (RBCs): Red blood cells, also called erythrocytes, are the most abundant type of blood cell; red blood cells have a lifespan of about 120 days and are constantly being replaced by new cells. Nucleated red blood cells in mammals consist of two forms: normoblasts, which are normal erythropoietic precursors to mature red blood cells, and megaloblasts, which are abnormally large precursors that occur in megaloblastic anemias. Red blood cell (RBC) membrane-derived cholesterol has been identified as a key factor contributing to lipid core expansion and vascular inflammation. The causal relationship between elevated cholesterol levels and atherosclerosis has been recognised for over six decades. Early atherosclerotic lesions are marked by the subendothelial accumulation of cholesterol-laden macrophages, commonly referred to as foam cells. As the plaque progresses, these foam cells undergo cell death, releasing free cholesterol that accumulates within the lesion and forms the necrotic core—an important hallmark of advanced atherosclerotic plaques associated with increased cardiovascular risk (Lusis, 2000). For decades, low-density lipoprotein (LDL) has been regarded as the principal contributor to the lipid content of atherosclerotic plaques. Consequently, reducing circulating LDL-cholesterol levels remains a central strategy in anti-atherosclerotic therapies, as it helps to limit lipid accumulation within the arterial wall and slow the progression of plaque development (Sahebkar and Watts, 2013). Although red blood cells (RBCs) are incapable of synthesising lipids, they engage in active lipid exchange with plasma lipoproteins. As a result, the lipid composition of the RBC membrane closely mirrors circulating plasma lipoprotein levels. For instance, studies have demonstrated that individuals with familial hypercholesterolemia exhibit elevated levels of cholesterol associated with RBC membranes, highlighting the interplay between systemic lipid status and RBC membrane composition (Koter et al., 2002) and that high-fat diets increase membrane lipid content of RBCs in experimental animal models (Tziakas et al., 2013). Accordingly, lipid-lowering interventions, including statin therapy and lifestyle modifications, have been shown to favourably alter the lipid composition of RBC membranes. Such modulation may contribute to the atheroprotective effects of these strategies by reducing the availability of membrane-derived cholesterol that can promote lipid accumulation and inflammation within atherosclerotic plaques (Tziakas et al., 2013). Sickle cell disease (SCD) is a hereditary blood disorder characterised by the production of an abnormal form of haemoglobin, known as haemoglobin S (HbS). This abnormal haemoglobin causes red blood cells to assume a rigid, crescent or sickle shape, leading to impaired oxygen transport, reduced red blood cell lifespan, and a range of associated clinical complications. These distorted cells affect blood flow and oxygen delivery, contributing to various complications. Recent biomedical research has explored the electrochemical and piezoelectric properties of biological systems to understand the electrical signals generated by cellular activity. This interest extends to how concentrations of sickle cells might influence measurable voltages in blood. In certain regions of Uganda, the prevalence of sickle cell trait has been reported to reach as high as 45%, while in Nigeria, approximately 20–30% of the population are carriers of the trait (Serjeant et al., 2001). Sickle cell disease (SCD) is also associated with extremely high childhood mortality rates, ranging from 50 to 90% in affected populations (Serjeant, 2005). Recognised as the first genetic disorder described in terms of a specific gene mutation, sickle cell anaemia remains one of the most prevalent genetic causes of morbidity and mortality worldwide (Makani et al., 2013). Key factors that influence voltage generation in sickle cell concentration include cell deformability: sickle red blood cells are less deformable than healthy cells, which affects their ability to flow through narrow blood vessels. Cell adhesion: Sickle red blood cells are more adhesive than healthy cells, which can lead to increased blood flow resistance and oxygen delivery. Hemoglobin polymerization: The polymerization of hemoglobin in sickle red blood cells can affect their electrical properties and behavior. However, mathematical modeling of voltage generation through sickle cell concentration is a rapidly evolving field that has the potential to improve our understanding of sickle cell disease and develop new treatments. Piezoelectric Effect: Though not directly established in blood, biological tissues under mechanical stress may exhibit charge displacement, especially in microfluidic environments. Bioimpedance Variation: The electrical impedance of blood changes with cell shape, concentration, and plasma composition, potentially giving rise to voltage differentials in diagnostic devices. Manbachi and Cobbold (2011) explored the development and application of piezoelectric materials for ultrasound generation and detection, highlighting that the piezoelectric effect—and its converse—constitutes the fundamental mechanism in biomedical ultrasound. This effect enables the efficient conversion of electrical energy into acoustic waves and, conversely, the transformation of returning acoustic signals into electrical signals for imaging and diagnostic purposes. Sickle cell disease (SCD) is the most prevalent monogenic disorder globally, with its highest burden concentrated in Sub-Saharan Africa, particularly in Nigeria (Weatherall et al., 2002; Modell et al., 2008). Across much of West Africa, the prevalence of the sickle cell trait ranges from 10 to 40% of the population (WHO, 2013). In certain regions of Uganda, prevalence has been reported to reach as high as 45%, while in Nigeria approximately 20–30% of individuals are carriers of the trait (Serjeant et al., 2001). SCD is associated with alarmingly high childhood mortality rates, ranging from 50 to 90% in affected populations (Serjeant, 2005). Recognised as the first genetic disorder described in terms of a specific gene mutation, sickle cell anaemia remains one of the most common genetic causes of morbidity and mortality worldwide (Makani et al., 2013). The genetic mutation in sickle cell disease alters the structure of haemoglobin, causing red blood cells (RBCs) to become rigid and, under low-oxygen conditions, adopt a characteristic sickle or crescent shape. These abnormally shaped cells are prone to becoming lodged in narrow blood vessels, obstructing blood flow and leading to painful vaso-occlusive crises, particularly in the joints and bones. Individuals with SCD are also at increased risk of serious complications, including strokes, vision impairment, and damage to vital organs such as the lungs, kidneys, and heart. Hospitalisation for blood transfusions is common, and patients may experience acute chest syndrome, a potentially life-threatening complication. While many affected individuals historically died before the age of 20, advances in medical care have extended life expectancy, with some patients living into their 40s and 50s (Nuffield Foundation, 2008). According to Schie et al. (2017), monogenic disorders are primarily caused by mutations in a single gene; however, the expression of the associated phenotype may also be influenced by additional genetic variants within the same or other genes, epigenetic modifications, and environmental factors. Although individual monogenic diseases are often rare, collectively they impose a substantial disease burden on populations. Zhang et al. (2021) reported that DNA array-based diagnostic tests are currently available for the detection of human genetic disorders. These tests are designed to identify mutations in specific genes known to be associated with particular diseases, such as those implicated in ataxia, enabling targeted and efficient genetic diagnosis. Sickle cell anaemia is determined by two alleles of a single gene: A and S. Individuals who inherit two A alleles (AA) produce normal haemoglobin and have healthy red blood cells. In contrast, individuals with two S alleles (SS) develop sickle cell anaemia, characterised by entirely abnormal haemoglobin and sickle-shaped red blood cells. Heterozygous individuals (AS) produce both normal and abnormal haemoglobin. While carriers of the sickle cell gene (AS) are typically healthy, they may experience mild symptoms of the disease under conditions of low oxygen, such as at high altitudes or during strenuous exercise. Unlike classical dominant–recessive inheritance patterns, AS heterozygotes express both forms of haemoglobin simultaneously, rather than exhibiting only one characteristic. Heterozygotes are said to have sickle cell trait. Balamanikandan and Bharathi (2022), in their study *“A Mathematical Modelling to Detect Sickle Cell Anemia Using Quantum Graph Theory and Aquila Optimization Classifier,”* developed a computational model for the identification of the monogenic disorder sickle cell anaemia using a classifier-based approach. The model demonstrates high predictive accuracy. The methodology involves first inputting the DNA sequence, from which elastic property features are extracted using a quantum graph theory framework. These extracted features are then optimised using Aquila optimisation and subsequently classified with a cascaded Long Short-Term Memory (LSTM) network, enabling accurate differentiation between sickle cell and normal cells. Chaturvedi and Sapna et al. (2023), in their study *“Mathematical Analysis for the Flow of Sickle Red Blood Cells in Microvessels for Biomedical Application,”* highlighted the complex biophysical behaviour of red blood cells (RBCs), which are viscoelastic membranes filled with incompressible viscous fluid. These cells can deform to pass through microvessels narrower than their own diameter, enabling efficient transport of oxygen and nutrients to tissues. The study also addressed hemoglobinopathies, a class of genetic disorders caused by mutations or deletions in the α- or β-globin genes. Sickle RBCs undergo significant rheological and mechanical changes under low oxygen conditions; a rightward shift in the oxyhaemoglobin dissociation curve reflects reduced oxygen affinity, and even small decreases in cellular oxygen concentration increase flow resistance, reducing microvascular velocity. The findings emphasise the altered flow properties of sickle blood in microcirculation, providing important insights for understanding the haemodynamic implications of sickle cell disease. Daniel et al. (2023) conducted a study on anatomy and blood flow. In this study a mathematical model was formulated to investigate the flow of blood in the human vessels and organs through which blood flows in the body.  The study demonstrated that blood flow can vary in intensity, direction, flow type (e.g., laminar or turbulent), and overall characteristics. These variations generate distinct mechanical signals that are transmitted to surrounding tissues, eliciting mechanotransductive responses that are specific to the nature and type of flow. Such responses play a critical role in vascular function and cellular behaviour within the circulatory system. Bunonyo et al. (2020) investigated the effects of lipid concentration on blood flow through an inclined arterial channel under the influence of a magnetic field. In their study, the governing coupled partial differential equations were first nondimensionalised and then reduced to ordinary differential equations using a perturbation technique. The resulting nonlinear ordinary differential equations were solved analytically to determine the blood velocity and lipid concentration profiles, with the solutions expressed in terms of key relevant parameters affecting flow and transport dynamics. Manbachi and Cobbold (2011) examined the development and application of piezoelectric materials for both the generation and detection of ultrasound, emphasising that the piezoelectric effect and its converse form the principal mechanism in biomedical ultrasound, enabling the conversion of acoustic energy into electrical energy and vice versa. Piezoelectric materials have been widely applied in bioengineering, including ultrasound imaging, therapeutic ultrasound, piezoelectric surgery, microelectromechanical systems (MEMS), and biomedical implants with integrated energy-harvesting capabilities. Given its central role in the functioning of most medical ultrasound systems, a comprehensive understanding of the piezoelectric effect—including its historical development, fundamental principles, and inherent advantages and limitations—is essential for optimising the design and performance of ultrasound-based biomedical technologies. Rifkind and Morrow (1986) investigated the electrical properties of sickle cell membranes in the study and found that they exhibit a significant increase in electrical conductivity compared to normal red blood cells. Zhang and Rifkind (1995) investigated the voltage-dependent ion channels in sickle cell membranes and demonstrated that they play a crucial role in the regulation of ion transport and electrical properties of the cell. Tripathi et al. (2019) conducted a study on magnetohydrodynamic (MHD) two-phase blood flow through a stenosed inclined artery, incorporating effects such as viscous dissipation, Joule heating, and a k-th-order chemical reaction. The study provided a quantitative analysis of blood flow characteristics, including velocity, temperature, and concentration profiles, across the artery segment. Additionally, the influence of various physiological and physical parameters on the behaviour of two-phase blood flow through a stenosed artery was systematically examined and presented using graphical representations, offering insights into the complex interactions governing hemodynamics under such conditions. Bamgboye et al. (2016). Conducted a study in Nigeria that focused on the electrical impedance of sickle cell blood and its potential for developing low-cost diagnostic devices. They observed that impedance measurements could serve as a marker for early detection of sickle cell crises. Adedeji et al. (2020). Investigated the use of bioimpedance in the detection of sickle cell-related complications in a clinical setting. Their study showed that bioimpedance spectroscopy could be a useful tool in monitoring patients with SCD, helping to identify changes in blood flow and viscosity that might indicate a crisis. Rifkind and Morrow (2003) did an investigation on sickle cell membrane potential and ion transport and found out in their discovery the electrical properties of sickle cell membranes and the role of ion transport in the regulation of membrane potential. Adedeji et al. (2020). Developed computational models to simulate the flow dynamics of sickled RBCs under various flow conditions. Their model helped in understanding how sickled RBCs affect the electrical impedance of blood and provided insights into how mathematical modeling could be integrated with bioimpedance for diagnostic purposes. Kihara et al. (2018). Studied the rheological properties of sickled RBCs and developed models for blood flow in microcapillaries. Their work highlighted the role of RBC deformability in affecting blood impedance, with a focus on the unique challenges presented by SCD in African populations. Their findings suggested that advanced mathematical models could improve the understanding of sickle cell behavior, contributing to better diagnostic strategies for African patients. Amoah et al. (2019) conducted research on the electrical potential generated by blood flow in sickle cell patients, noting that sickled RBCs produced significant changes in voltage compared to normal RBCs. Their findings underscored the importance of understanding the bioelectric phenomena in blood to develop diagnostic techniques for SCD based on voltage measurements. Kabelo et al. (2021). Developed mathematical models and experimental measurements of voltage generation in microfluidic devices to investigate the impact of sickled RBCs on electrical properties. Their results showed that sickling cells could create measurable voltage changes, which could be useful for point-of-care diagnostic devices. Ogunrinde et al. (2019). proposed the development of a portable bioimpedance device to monitor sickle cell patients in rural areas, where access to healthcare is limited. The device could help in detecting early signs of a sickle cell crisis by measuring changes in blood impedance related to sickled RBC concentration and aggregation. Okello et al. (2020) examined the potential for integrating impedance spectroscopy with mobile technology, providing real-time data to healthcare workers in remote areas. This approach could significantly improve the management of SCD in underserved regions. Zhang and Rifkind (2007) carry out an investigation on voltage generation in sickle cell membranes that the mechanisms of voltage generation in sickle cell membranes involve the activation of voltage-dependent ion channels and the movement of ions across the cell membranes.

Assumptions 

To formulate mathematical model for the voltage generation through sickle cell concentration, we shall consider electromechanical coupling, cell concentration, and piezoelectric properties. The electromechanical coupling models the relationship between mechanical stress and electrical charge generation. Cell concentration incorporates the effect of sickle cells concentration on voltage generation. The piezoelectric properties utilize the piezoelectric equation to describe the electric charge generation. 

Mathematical Formulation 

Piezoelectric equations describe the relationship between mechanical stress and electric charge in piezoelectric materials.
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where
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 The force require to push the sickle cell around the blood vessel 
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Sickle Cell Mechanical Response
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Sickle Cell Electrical Response
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In order to simplify the analysis, the followings are defined (Feenstra, et al., 2008) that 
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where
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is the elastic young’s modulus.
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Simplifying equation (3.10), we have:
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Simplifying equation (3.12), we have:
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Simplifying equation (3.13), we have:
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Substituting equation (3,14) into equation (3.13), we have:
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Let
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For a sinusoidal wave, we have:
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Differentiating equation (3.17) twice, we have:
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Following Xu et al. (2013) the applied dynamic force
[image: image24.wmf](

)

Ft

is sinusoidal and can be stated mathematically as:

 
[image: image25.wmf](

)

0

2

sc

FFsinft

p

=

 









(3.20)

where 
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is the magnitude force amplitude,
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is the frequency, and 
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is the angular frequency, respectively.
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where
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is the capacitance of the piezoelectric stack
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According to Kirchhoff’s law
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Application of Hook’s law, which states that:
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Differentiating equation (3.26), we have
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where 
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Equations (3.30) and (3.31) can be solved subject to the initial conditions:
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Method of Solution

In this section, we shall adopt the state space method to solve equations (3.31) and (3.32)

Application of State Space Method
The state space method can be represented as follows::
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Applying equation (3.33) into equations (3.30) and (3.31), we obtained the following first order equations:
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Result

In this section, we shall performed numerical simulation using Wolfram Mathematica, version 12, where the pertinent parameters were varied and the results are presented as:
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Discussion

In this section, we will discuss the impact of change in sickle cell. Concentration on the voltage, and the results are discussed as

Figures (1-3) show the effect of voltage generation and sickle cell concentration. As the number of concentrated sickle cells increases, the generated voltage rises noticeably. Interpretation: Sickle cells are stiffer and less deformable than healthy red blood cells. When their concentration increases, the mechanical resistance to motion within the system increases. This causes greater stress transfer to the piezoelectric stack, leading to higher electric polarization and hence increased voltage output. Biomedical implication: This suggests that piezoelectric-based biosensors could detect the severity of sickle cell concentration by monitoring voltage output. Higher voltage may indicate higher sickling levels in blood samples. Particle acceleration and sickle cell concentration Acceleration decreases as sickle cell concentration increases. Higher sickle cell concentration increases the effective mass and damping of the system. According to Newton’s second law, for the same force, a heavier or more resistant system accelerates less. Physiological analogy: Blood with many sickle cells flows more sluggishly, which aligns with reduced acceleration observed in microvascular blood flow in sickle cell patients. Cell concentration Displacement reduces as sickle cell concentration increases. Stiffer cellular structures limit deformation. Increased sickling restricts motion, reducing displacement amplitude. This supports why sickle cell disease causes vaso-occlusion: cells cannot deform sufficiently to pass through narrow capillaries.

 

Figures (4-6) are discussed that voltage generation and normalized electric charge voltage increase proportionally with normalized charge. This follows directly from piezoelectric constitutive relations: more charge accumulation, a stronger electric field, and higher voltage. This confirms that optimizing charge storage in the piezoelectric stack improves signal strength for biosensing.  Acceleration and displacement vs. electric charge: both acceleration and displacement increase with electric charge. Higher electric charge enhances electromechanical coupling, feeding energy back into mechanical motion. Piezoelectric implants or diagnostic devices could be tuned electrically to amplify weak biomechanical signals. Figures (7-9) talked about force and particle displacement, and the interpretation is that, based on Hooke’s law behavior, greater force causes greater deformation; this means higher blood pressure exerts more force on vessels, causing greater vessel wall deformation, which is important in sickle cell complications. Force vs. voltage generation Voltage rises as applied force increases: Blood pressure-induced stresses could be harvested electrically for self-powered medical sensors. Force vs. acceleration: Acceleration initially increases with force but may saturate at high forces due to system damping at high force levels; energy losses dominate. Figures (10-12) illustrate the coupling coefficient and voltage; the results show that a higher coupling coefficient leads to higher voltage output: The coupling coefficient measures how efficiently mechanical energy converts to electrical energy. The practical case is two microphones: a low-quality mic with a weak signal and a high-sensitivity mic with a strong signal. Design implication: Selecting materials with high coupling coefficients improves detection of biomechanical changes due to sickling.  Coupling coefficient, acceleration, and displacement, all mechanical responses, improve with stronger coupling. Efficient electromechanical interaction enhances feedback between electrical and mechanical domains. 
Conclusion

In conclusion, the significance is the biomedical relevance of the voltage output, which can serve as a non-invasive marker for sickle cell concentration. Reduced displacement and acceleration explain microcirculatory blockage in sickle cell disease. The model supports piezoelectric biosensors for early diagnosis and monitoring. Engineering relevance Optimizing force, charge, and coupling coefficient improves sensor sensitivity. Results can guide the design of self-powered diagnostic devices. In summary: The results show that sickle cell concentration strongly alters mechanical behavior, which is faithfully captured electrically by piezoelectric responses. This bridges hematology, mechanics, and smart sensor technology, making the model both clinically insightful and technologically valuable.
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Piezoelectric coupling coefficient (C/N)
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Electric displacement(C/m2)
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Length of the piezoelectric stack (m)
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Total electric charges of all stacks (C)
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Number of piezoelectric layers
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Voltage (V)





Number of concentrated sickle cells
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Cross Sectional Area of the Stack
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Tensile stress (N/m2)
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Total electric charges of one stack (C)




Capacitance of the piezoelectric stack (F)
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Force applied to the piezoelectric stack (M)
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Dimensionless displacement
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Time (s)
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Mass of the piezoelectric stack (kg)
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Force amplitude (N)
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Force of the piezoelectric stack (N)




Normalized electrical resistance
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Greek symbols 
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Amplification factor
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Dielectric constant
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natural frequency
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amplitude of vibration
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nomarlized frequency 
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phase angle (due to time delay)
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Stiffness 
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Figure 1:  Impact of change in sickle cell concentration on the voltage generation 





Figure 2:  Impact of change in sickle cell concentration on particle acceleration  





Figure 3:  Impact of change in sickle cell concentration on particle displacement 





Figure 4:  Change in normalized electric charge on the voltage generation  





Figure 5:  Change in normalized electric charge on the particle acceleration   





Figure 6:  Change in normalized electric charge on the particle displacement   





Figure 7:  Change in force on particle displacement 





Figure 8:  Change in force on voltage generation 





Figure 9:  Change in force on particle acceleration 





Figure 10:  Change of couple coefficient on voltage generation 





Figure 11:  Change in couple coefficient on particle acceleration





Figure 12:  Change in couple coefficient on particle displacement 








1

_1832438711.unknown

_1832440907.unknown

_1832440920.unknown

_1832440931.unknown

_1832440935.unknown

_1832440939.unknown

_1832440943.unknown

_1832440945.unknown

_1832440946.unknown

_1832440947.unknown

_1832440944.unknown

_1832440941.unknown

_1832440942.unknown

_1832440940.unknown

_1832440937.unknown

_1832440938.unknown

_1832440936.unknown

_1832440933.unknown

_1832440934.unknown

_1832440932.unknown

_1832440924.unknown

_1832440926.unknown

_1832440930.unknown

_1832440925.unknown

_1832440922.unknown

_1832440923.unknown

_1832440921.unknown

_1832440911.unknown

_1832440913.unknown

_1832440914.unknown

_1832440912.unknown

_1832440909.unknown

_1832440910.unknown

_1832440908.unknown

_1832440899.unknown

_1832440903.unknown

_1832440905.unknown

_1832440906.unknown

_1832440904.unknown

_1832440901.unknown

_1832440902.unknown

_1832440900.unknown

_1832440895.unknown

_1832440897.unknown

_1832440898.unknown

_1832440896.unknown

_1832440893.unknown

_1832440894.unknown

_1832438713.unknown

_1832438715.unknown

_1832440892.unknown

_1832438714.unknown

_1832438712.unknown

_1832438695.unknown

_1832438703.unknown

_1832438707.unknown

_1832438709.unknown

_1832438710.unknown

_1832438708.unknown

_1832438705.unknown

_1832438706.unknown

_1832438704.unknown

_1832438699.unknown

_1832438701.unknown

_1832438702.unknown

_1832438700.unknown

_1832438697.unknown

_1832438698.unknown

_1832438696.unknown

_1832438686.unknown

_1832438691.unknown

_1832438693.unknown

_1832438694.unknown

_1832438692.unknown

_1832438689.unknown

_1832438690.unknown

_1832438687.unknown

_1832438682.unknown

_1832438684.unknown

_1832438685.unknown

_1832438683.unknown

_1832438680.unknown

_1832438681.unknown

_1832438679.unknown

