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細胞に作用する力は，細胞の形態，増殖，分子発現解析など，さまざまな重要な生物学的特性に影響を及ぼすことが
知られている．その力を測定することは，従来の細胞評価手法に代わる可能性を秘めており，医学的細胞診断や細胞培
養研究において重要な役割を果たすことが期待されている．特に医学的細胞評価においては，非侵襲的で特殊な装置を
必要としない力推定手法が注目を集めている．その中でも石原らが提案した，細胞の幾何学的形状のみに基づいて密集
した細胞に作用する力を推定する手法は有望な方法として注目されている．しかしながら，その手法の適用範囲は現時
点で十分には解明されていない．そこで本研究では，シミュレーションモデルである 2次元バーテックスモデルを用い
て，均質および不均質な細胞系に対するこの推定手法の適用可能性を数値的に評価した．数値シミュレーションから得
られた真値と推定手法による推定値を比較した結果，均質な細胞系において推定精度と細胞の真円度との間に有意な相
関が認められた．さらに，不均質な細胞系においても，この手法が十分に適用可能であることを確認した．本研究の結
果は，力推定手法を医学的細胞評価に適用する際に有用な知見を提供するものであり，今後の細胞診断や細胞培養研究
の発展に寄与するものと考えている．

The measurement of cellular forces, which reflect crucial biological attributes, has the potential to replace 
conventional cell assessment methods, such as morphology, proliferation, and molecular expression 
analysis, in medical cell diagnosis and cell culture studies. In medical cell evaluations, force inference 
techniques have gained prominence due to their non-invasiveness and lack of requirement for specialized 
equipment. Among those techniques, the method proposed by Ishihara et al., which estimates forces in 
densely packed cells based only on cell geometry, is a promising method. However, its applicability range 
of this method has not been fully established. In this study, we employed a two-dimensional vertex model 
to numerically assess the applicability of this method on homogeneous and heterogeneous cells. Our 
comparisons between the true values from numerical simulations and the estimated values from the 
inference method revealed a significant correlation between estimation accuracy and cell roundness in 
systems of homogeneous cell. Moreover, the method demonstrated efficient force estimations in 
heterogeneous-cell systems. These findings may be useful when the force inference method is employed 
to evaluate medical cells.

力推定，細胞評価，バーテックスモデル，医療応用，細胞組織力学
force estimation, cell assessment, vertex model, medical application, tissue mechanics

　　　　　 　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

1  Introduction

　In medical cell diagnosis and cell culture studies, intracel-

lular forces, which reflect biological properties, have the 

potential to replace conventional cell assessment methods, 

such as morphology, proliferation, and molecular expression 

analysis. For instance, the mechanical properties of cells can 

be used to identify senescent cells, which are characterized 
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by a stable cell cycle arrest induced in response to stress [1]. 

This chronic inflammatory state fosters a pro-tumorigenic 

microenvironment, promoting cancer initiation, migration, 

and metastasis. The in vivo detection of senescence neces-

sitates the examination of fixed or deep-frozen tissues, as 

in the immunohistochemical analysis of frozen samples [2]. 

However, there is considerable clinical demand for real-time 

bioimaging techniques. Senescent cells exhibit enhanced 

mechanical maturity at adhesion points, leading to the trans-

mission of greater traction forces to the substrate. Conse-

quently, the detection of senescent cells can be achieved by 

observing alterations to their cell morphology [3] or quantify-

ing the mechanical forces they generate. There are numerous 

other instances where the state of a cell and the mechanical 

stress exerted on it are closely related [4], [5].

　Many approaches have been proposed for investigating 

the mechanical properties of cells. These approaches can be 

divided into two types: one involves applying force directly 

to cells and measuring the amount of cell deformation as an 

equivalent of the force on a cell [5], [6], while the other 

involves non-invasive measuring physical or chemical indices 

that are indirectly related to cellular forces [7], [8]. Despite 

the efficacy of these methods, their invasiveness, expense 

associated with the preparation of specialized platforms, and 

limited throughput pose substantial challenges for practical 

applications, such as cell assessment [9].

　In order to address these challenges, numerical inference 

methods have attracted attention. Such methods estimate ten-

sion at cell-cell boundaries and intracellular pressure under 

the assumption of force equilibrium among cells [9]－[12]. 

Specifically, the approach proposed by Ishihara et al. [9] uses 

Bayesian statistics to deal with the indeterminacy inherent in 

the estimation process [9], [10], [13], [14]. This non-invasive 

technique does not require specialized equipment and can be 

readily integrated with a conventional microscope. However, 

its applicability to actual cell evaluation has limitations. The 

validation of this method has focused on a limited set of 

parameters for homogeneous cells using Drosophila wing 

cells as a model. Thus, to expand its application to cells uti-

lized in medical cell evaluation, such as human cells, it is 

essential to widen the scope of validation.

　In this study, we investigate the applicability of the force 

inference method proposed by Ishihara et al. [9]. To achieve 

this, we apply the method to the cell morphologies derived 

from numerical simulations using a two-dimensional (2D) 

vertex model and assess the dependence of estimation accu-

racy on cell behavior by comparing simulated and estimated 

forces. Furthermore, by analyzing the correlation between 

estimation accuracy and cell morphology, we identify the 

conditions under which the inference method has high accu-

racy. Based on these results, we discuss the applicability of 

the inference method for homogeneous and heterogeneous 

cells.

2  Methods

　To assess the applicability of the force inference method 

proposed by Ishihara et al. [9], we conducted numerical 

simulations utilizing a 2D vertex model and then applied the 

inference method to the cell morphologies derived from the 

model. In this approach and model, cells are presumed to be 

densely packed and are represented as simplified polygonal 

shapes with straight edges. An overview of the force infer-

ence method and a description of the 2D vertex model are 

given in the following sections.

2.1.	 Force	Inference
　The force inference method estimates the tension at cell-

cell boundaries and intracellular pressure by solving the 

force balance equation at each vertex (Fig. 1(a)). The posi-

tion vector of the i-th vertex is denoted by ri. If there are ni 

vertices connected to the i-th vertex through edges, the 

forces acting on the i-th vertex in the x and y directions are 

given by
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where i identifies the vertex, Tj is the tension on the j-th 

edge, and Pj is the pressure of the j-th cell adjacent to both 

the j-th and (j + 1)-th edges. Considering Eq. (1) for all ver-

tices in the system, the vector F � �� �� �, , , ,f f f fx y x y
1 1 2 2  con-

taining all xy elements of the forces can be written as

　　F = AS,  (2)
where S (= (T1, T2, …, P1, P2, …)) is the matrix that sum-

marizes the edge tension and cell pressure to be estimated 

and A is the matrix that summarizes the coefficients that 

reflect cell morphologies. Since the cell deformation pro-

cess is quasi-static under the low Reynolds number 

assumption, the tensions and pressures are balanced at each 

vertex. Thus, the force balance equation can be formulated 

as

　　AS = 0.  (3)
　A Bayesian estimation technique is used to solve Eq. (3). 

Specifically, the prior function is assumed to be a Gaussian 
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distributed around some positive tension value. The hyper-

parameter, which represents the ratio of the variance of the 

prior function to that of the likelihood, is calculated by 

maximizing the marginal likelihood. The estimation of S is 

then accomplished by maximizing the posterior distribution. 

Further details regarding this inference method are 

described in previous studies [9], [10].

2.2.	Acquisition	of	Stress	Field	using	2D	Vertex	Model
　To evaluate the accuracy of the force inference method, 

numerical simulations were conducted using a 2D vertex 

model [15]. The simulations were performed on a system 

that contained 100 cells confined within a box measuring 10 
units in the x and y directions. Periodic boundary conditions 

were applied to all boundaries. The motion of each cell was 

expressed through vertex movements under quasi-static 

conditions and rearrangements between cells were 

expressed through the T1 transition (Fig. 1(b)) by recon-

necting edge connections based on vertex movements [16]. 

The reconnection was performed when the edge length 

became shorter than the threshold, lT1 = 0.05, a value cho-

sen to be small enough to affect the calculation of cell mor-

phology. In the vertex model, the cell morphologies were 

determined by minimizing the potential energy of the sys-

tem. The cellular network was sufficiently relaxed before the 

calculation to avoid local minima. In this section, the valida-

tion of the force inference method using the simulation 

results and details of the simulation procedure are discussed 

first, and the applied parameter settings are presented later.

　In the static state, the mechanical force balance of cell 

configurations can be represented by a potential energy 

function [17]. The potential energy is defined as
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where si is the area of the i-th cell, pi is the perimeter of the 

i-th cell, lj is the length of the j-th edge, the first term repre-

sents the area elasticity, the second term represents the 

perimeter elasticity, and the third term represents the line 

tension. The area elastic modulus K, the preferred area seq, 

and the perimeter elasticity Γi are parameters that determine 

the mechanical behavior of the system. The perimeter elas-

ticity Γi is randomly assigned to each cell according to a 

Gaussian distribution with mean μΓ and standard deviation σΓ. 

The line tension Λj is affected by the actin-myosin contractile 

force at cell-cell boundaries. The pressure of the i-th cell and 

the tension at the j-th edge in the static state are calculated 

as
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where pi and pi+1 are the perimeters of the i-th and (i + 1)-th 

cells, including the j-th edge, respectively.

Fig. 1　Numerical simulation using a 2D vertex model
(a) Diagram of forces around vertex in 2D vertex model: Blue arrows represent intracellular pressure toward the 
vertex and red arrows represent tension at cell-cell boundaries. (b) Illustration of T1 transition implemented in 2D 
vertex model: The left and right cells approach each other. When the length of the edge shown in red becomes shorter 
than a certain threshold, the cells acquire a common edge and top and bottom cells separate. (c) Flow of 2D vertex 
model: In the period 0 ≤ t ≤ tf the system is relaxed by adding a fluctuation term to the line tension. In the period tf ≤ 
t ≤ ttotal, the system is transformed to a steady state to minimize energy by removing the fluctuation term.
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　To compare the estimated values with the true values, the 

true and estimated tension values were scaled by their 

respective scaling factors in accordance with a previous 

study [9]. For example, for the estimated values, the scaling 

factor, denoted by c, was determined as c T= 1 / est , where 

Test  is the mean value of the estimated tension. The scaling 

factors were chosen such that the average tension values 

were equal to 1. The true and estimated pressures were 

scaled using the same factor c to ensure that the average 

pressure values were 0; that is, P cP pest est� � � , where 

�p cP� � est  and Pest  is the mean value of the estimated pres-

sure. Using the scaled true and estimated values, we calcu-

lated the estimation accuracy in terms of the root-mean-

squared error (RMSE) σest as

　　 est
est true est true

cell edge
i
n

i i j
n

j jP P T T� � � �2 2

n ncell edge
, (6)

where P iest  and P itrue  are the scaled estimated and true pres-

sures, respectively, for the i-th cell, ncell is the number of cells, 
T jest  and T jtrue  are the scaled estimated and true tensions, 

respectively, for the j-th edge, and nedge is the number of 

edges.

　The cell morphology and force in the static state were 

obtained by calculating vertex movements:

　　� d
dt

Uir � �� , (7)

where η is the friction coefficient. The numerical integration 

of Eq. (7) was conducted using the first-order Euler method 

with time step Δt. Topological reconnection of edges was 

carried out when the edge length was less than the thresh-

old value, lT1.

　To obtain a system state with potential energy near the 

global minimum, simulations using the annealing method 

were performed. Two distinct processes were carried out in 

sequence. First, a fluctuation process was calculated, in 

which the fluctuation of the line tension Λj in Eq. (8) was 

incorporated during the period 0 ≤ t ≤ tf. Second, a relaxation 

process was calculated, in which the fluctuation was gradu-

ally reduced during the period tf < t ≤ ttotal (Fig. 1(c)). The line 

tension Λj is written as
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where the constant Λj
c represents the actin-myosin contractile 

force. Its value varied across cell-cell boundaries according 

to a Gaussian distribution, � � �j
c N~ ,� � 2� �, where μΛ and σΛ 

denote the mean and standard deviation, respectively. The 

variable ωj is colored noise with time correlation. Its time 

evolution is given by

Table 1　List of constants and variables used in 2D vertex model

Parameter Description Set value Unit

dt Time step 0.01 η ⁄ K

ttotal Total simulation time 2000 η ⁄ K

tin Time interval for intercalation 50 η ⁄ K

seq Ideal area 1.0 1
l0 Length of one side of initial cell 0.62 seq

peq Ideal perimeter 3.7 seq

lT1 Limit length for T1 transition 0.05 seq

CT1 Correlation factor of length after T1 transition 1.5 －
η Friction coefficient of vertex 1.0 1
K Area elastic modulus 1.0 1
Γ Perimeter elasticity Control Kseq

μΓ Mean of perimeter elasticity Control Kseq

σΓ Standard deviation of perimeter elasticity Control Kseq

Λ Line tension Control K(seq)3 ⁄ 2

μΛ Mean of constant tension term Λc Control K(seq)3 ⁄ 2

σΛ Standard deviation of constant tension term Λc 0.05 K(seq)3 ⁄ 2

tf Term used to set thermal fluctuation 1000 η ⁄ K

τf Relaxation time of tension fluctuation term ω 20.0 η ⁄ K

σf Coefficient in fluctuation term 10.0 K(seq)3 ⁄ 2



54

Nikon Research Report Vol.7 2025

　　 d t
dt

t
j

j
j j

�
�
� �

� �
� � � � �1 .  (9)

where ξj is white noise according to a Gaussian distribution, 

� � �j f fN~ , /0 2 2� �, where σf and τf denote the amplitude and 

correlation time of ωj, respectively [18], [19].

　Table 1 presents the physical and numerical parameters 

utilized in the simulations using the 2D vertex model. The 

unit length was set to seq , the unit energy was set to Kseq
2 , 

and the unit time was set to η ⁄ K. The parameters Γ, μΓ, σΓ, 

and μΛ are control parameters that reflect a heterogeneous 

cellular system; their respective ranges are shown in Table 2.

3  Results

　To comprehensively investigate the applicability of the 

force inference method, we conducted two distinct analyses. 

First, we assessed the accuracy of the estimated cell behav-

ior in a system with homogeneous cells. Numerical simula-

tions using the 2D vertex model were performed to obtain 

cell morphologies, as well as the tension at cell-cell boundar-

ies and cell pressure, within a wide range of parameter val-

ues. The force inference method was then applied to the 

simulated cell morphologies to estimate the tension and cell 

pressure. In addition, estimation accuracy was calculated for 

each parameter set by comparing the forces obtained from 

the simulations and estimations. Second, we examined the 

applicability of the inference method to a system with het-

erogeneous cells.

3.1.	 Dependence	of	Estimation	Accuracy	on	Cell	Behav-
iors

　First, the inference method was applied to the cell mor-

phologies obtained from numerical simulations of homoge-

neous cells. Figure 2(a) shows the parameter dependence of 

estimation accuracy in terms of the RMSE defined in Eq. (6), 

where a smaller value indicates higher accuracy. The heat 

map in the figure shows that the accuracy increases with 

increasing perimeter elasticity and line tension. The RMSE 

as a function of Λ and Γ is plotted in Fig. 2(b1, b2), respec-

tively; the RMSE increases nonlinearly with decreasing 

either Λ or Γ. We define the condition with an RMSE of 0.2 
or less as the high-accuracy condition, corresponding to the 

parameter region above the solid line in Fig. 2(a). The 

threshold of RMSE is defined as the result of two-segmented 

linear regression applied to the plots in Fig. 2(b1, b2) as fol-

lows. The points within each of those plots are divided into 

two groups based on a specific value of Λ or Γ. For each 

group, a regression line is obtained using the least squares 

method, and the grouping is performed to minimize the sum 

of the residuals of these regression lines. The RMSE value 

of the intersection point of these two regression lines is 

extracted for the plot. This process is carried out for all the 

plots in Fig. 2(b1, b2), and the largest RMSE value is 

defined as the threshold.

3.2.	 Correlation	between	Estimation	Accuracy	and	Char-
acteristics	of	Cell	Morphology

　We examined the relationship between cell morphology 

and estimation accuracy by analyzing the dependence of cell 

morphology on the line tension Λ and perimeter elasticity Γ. 

Following a previous study [17], we divided the parameter 

space into three regions based on the ground state of the 

energy function (Eq. (4)), as shown by the dashed line in 

Fig. 2(a). We then compared cell morphology and estimation 

accuracy (Fig. 2(d1-d4)) as well as the true and estimated 

force values under four typical conditions, namely (Λ, Γ) = 

(-0.8, 0.11) (Fig. 2(c1)), (Λ, Γ) = (-0.3, 0.11) (Fig. 2(c2)), 

(Λ, Γ) = (-0.3, 0.16) (Fig. 2(c3)), and (Λ, Γ) = (0.1, 0.04) 

(Fig. 2(c4)). For the first condition, where the estimation 

accuracy is low, the cell shapes tend to be elongated and 

have multiple configurations that can form at the energy 

minimum. In contrast, for the other conditions, where the 

estimation accuracy is relatively high, the cell shapes tend to 

be relatively round.

　For a more quantitative understanding of the relationship, 

we computed several characteristic cell morphologies for 

each parameter set (Fig. 3(a1-a3)) and compared them with 

the estimation accuracy (Fig. 3(b1-b3)). The dependence of 

circularity (4πs ⁄ p2) on the line tension Λ and perimeter elas-

ticity Γ is shown in Fig. 3(a1). The circularity increases 

with increasing either Λ or Γ. By comparing this heatmap 

and Fig. 2(a), we obtained the circularity dependence of 

estimation accuracy (Fig. 3(b1)). For the scatter plot, the 

regression line is obtained using the least squares method, 

and the circularity value of the intersection between this 

regression line and the line of the RMSE threshold is 

defined as the circularity threshold: 0.82. Moreover, the 

results for the perimeter are shown in Fig. 3(a2, b2). As a 

Table 2　�Typical ranges of parameters with “Control” as set value in 
Table 1

Parameter Range

Γ 0.05–0.20
μΓ 0.05–0.20
μΛ －1.4–0.5
σΛ 0.01–0.04
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Fig. 2　Parameter dependence of estimation accuracy in systems with homogeneous cells
(a) Heatmap of RMSE in 2D parameter space of parameter elasticity and line tension (Λ, Γ ): Gray cells indicate parameter 
sets for which the simulation stopped due to a large distortion of cell morphology. (b1, b2) Dependence of estimation accu-
racy on Λ and Γ: Dashed line shows the threshold of high-accuracy estimation. (c1-c4) Scatter plots of estimated values and 
true values at four representative points (1-4) indicated in (a), namely (Λ, Γ) = (-0.8, 0.11), (Λ, Γ) = (-0.3, 0.11), (Λ, Γ) 
= (0.3, 0.16), and (Λ, Γ) = (0.1, 0.04). The parameter set (Λ, Γ) = (0.1, 0.04) was used by Ishihara et al. [9] for verifying 
their technique: All edge tensions (red) and cell pressures (blue) are plotted. (d1-d4) Cell morphology for four conditions 
simulated using 2D vertex model

Fig. 3　Parameter dependence of cell shape characteristics and correlation with estimation accuracy
(a1-a3) Heatmap of cell shape characteristics (circularity, perimeter, and polygonal number) in 2D parameter space of 
parameter elasticity and line tension (Λ, Γ ): Solid line is the threshold (RMSE = 0.2) and dashed lines divide the param-
eter region defined in a previous study [17]. Points 1-4 correspond to representative points in Fig. 2(a). (b1-b3) Scatter 
plots of RMSE versus cell shape characteristics obtained by comparing (a1-a3) and Fig. 2(a)



56

Nikon Research Report Vol.7 2025

result, the correlation between the perimeter and accuracy 

is opposite to that of the correlation between circularity and 

accuracy. This is because a larger circularity generally 

results in a smaller perimeter, based on the definition of cir-

cularity (4πs ⁄ p2). Furthermore, the results for the polygonal 

number are plotted in Fig. 3(a3, b3), where no correlation 

with accuracy is observed.

3.3.	 Estimation	Accuracy	for	Heterogeneous	Cells
　To investigate the applicability of the force inference 

method to systems with heterogeneous cells, we conducted 

numerical simulations for various values of perimeter elastic-

ity of individual cells and then applied the inference method 

to the resulting cell morphologies. The cell morphologies 

are shown in Fig. 4(a1-a4), where the color contours indicate 

the perimeter elasticity Γ of each cell. It is observed that cells 

with a lower perimeter elasticity tend to have a larger area. 

Scatter plots of the estimated and simulated force values are 

shown in Fig. 4(b1-b4). As σΓ increases, the dispersion of 

tension and pressure also increases; however, the estimated 

values are close to the true values even for large values of σΓ. 

Figure 5(a) shows the RMSE for each analysis. As shown in 

this plot, the RMSE increases with increasing perimeter 

elasticity σΓ. Nonetheless, the RMSE values for all four 

analyses remain below the threshold (RMSE < 0.2), indicat-

ing the possibility of estimating forces with high accuracy, at 

Fig. 4　Cell morphology and estimation accuracy in systems with heterogeneous cells
(a1-a4) Cell morphology calculated using 2D vertex model with perimeter elasticity having Gaussian distribution (expressed by 
color contour): The results were obtained under the conditions where the standard deviation of the perimeter elasticity is set as σΓ 

= 0.01, 0.02, 0.03, and 0.04. (b1-b4) Scatter plots of true and estimated values for each cell morphology

Fig. 5　Dependence of estimation accuracy and circularity on cell heterogeneity
(a) Dependence of estimation accuracy on the standard deviation of perimeter elasticity σΓ for system with heterogeneous cells: 
Dashed line is the RMSE threshold (0.2). (b) Circularity for each analysis condition: Points represent the mean circularity value 
and error bars represent its standard deviation. Dashed line is the circularity threshold (0.82). SD: standard deviation.
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least within the heterogeneous range of σΓ < 0.4. The distri-

bution of circularity for each analysis is shown in Fig. 5(b). 

The average circularity slightly decreases and its variance 

increases with increasing perimeter elasticity σΓ. All circular-

ity values are either higher than or comparable to the circu-

larity threshold (dashed line in the figure).

4  Discussion

　In this study, we employed a two-dimensional vertex 

model to numerically assess the applicability of the force 

inference method proposed by Ishihara et al. [9] to systems 

with homogeneous and heterogeneous cells. The parameter 

map in Fig. 2(a) provides a visual aid for understanding the 

applicability of this method. To utilize this map, the perime-

ter elasticity and line tension of the observed cells must be 

obtained. These parameters can be derived by comparing 

simulated cell morphologies with actual cell shapes, as dem-

onstrated in previous research on Drosophila cells [16], [17]. 

Our results are consistent with these earlier findings; the 

parameters for Drosophila cells fall within the high-precision 

range found in our study. Moreover, cell morphology can 

serve as an index of applicability. We found that when cell 

circularity exceeds 0.82, high-accuracy estimation is 

achieved. This suggests that researchers can assess applica-

bility based on cell circularity, which can be calculated using 

standard microscopy software such as NIS-Elements (Nikon, 

Tokyo, Japan).

　Our findings also indicate that this inference method is 

applicable to heterogeneous cell systems with a relative stan-

dard deviation of perimeter elasticity below 40%. This is due 

to the RMSE values falling below the established threshold 

(RMSE < 0.2). Circularity is also a useful index of applicabil-

ity to heterogeneous cell systems, as demonstrated in Fig. 

5(b) (circularity values above a threshold of 0.82). Under 

actual biological conditions, the mechanical and biochemical 

properties of cells may vary for a given cell type due to fac-

tors such as individual characteristics, the cell cycle, and 

apoptosis. In our study, we assumed that each cell has a 

distinct actin cytoskeleton and that perimeter elasticity has a 

Gaussian distribution. Our results show that the inference 

method is effective for systems that resemble actual biologi-

cal conditions. By modifying other factors (e.g., ideal cell area 

and initial edge length), we can further explore its applica-

bility to heterogeneous systems.

　The force inference method has the potential to replace 

conventional cell evaluation techniques. In medical cell diag-

nosis and cell culture studies, for example, the mechanical 

properties of cells could be used to identify senescent cells, 

which can be distinguished based on altered cell morphol-

ogy [3]. Given that the estimation method is accurate even 

for systems with heterogeneous cells, it may be possible to 

calculate the force exerted on individual cells and distin-

guish senescent cells from healthy ones based on variations 

in applied force. If the forces between the two cell types 

significantly differ, the force distribution may become 

bimodal. As the prior distribution of Bayesian estimation is 

linked to force distribution, a potential avenue for future 

research is to update the prior distribution to further expand 

the applicability of the inference method. In this study, 

numerical simulations were used to validate and demonstrate 

the applicability of the inference method in heterogeneous 

cells systems, as described above. In order to establish its 

applicability to actual cells, it is necessary to quantitatively 

measure the forces acting between heterogeneous cells, and 

experimental verification is needed in the future.

5  Conclusion

　Our study demonstrated the potential application of the 

force inference method proposed by Ishihara et al. [9] to 

heterogeneous cells systems using a 2D vertex model. 

Numerical simulations showed the effectiveness of this 

method in estimating forces for systems with either homo-

geneous or heterogeneous cells. We also showed the assess-

ment of its applicability using cell circularity. Although we 

did not apply the method to actual medical diagnosis, our 

analyses suggest its potential use. Force inference methods 

have the potential to advance cell evaluation techniques in 

biomedicine.

Acknowledgments. We thank Dr. Shuji Ishihara for provid-

ing the data used to validate our estimation software.

References

 [1] H. L. Ou, R. Hoffmann, C. González-López, G. J. Doherty, 

J. E. Korkola, and D. Muñoz-Espín, "Cellular senescence 

in cancer: from mechanisms to detection," Mol Oncol. vol. 

15, no. 10, pp. 2634-2671, 2021.
 [2] A. Giatromanolaki, M. Kouroupi, K. Balaska, and M. I. 

Koukourakis, "Immunohistochemical detection of senes-

cence markers in human sarcomas," Pathol Res Pract, vol. 

216, no. 2, 2020.
 [3] C. Nafsika, M. Silvia, G. Costanza, Z. Xinyu, Z. Tomaso, and 

E. Vasileios, "Mechanical fingerprint of senescence in endo-

thelial cells," Nano Letters, vol. 21, no. 12, p. 49114920, 



58

Nikon Research Report Vol.7 2025

2021.
 [4] E. B. Suki and B. Suki, "Tuning mitochondrial structure 

and function to criticality by fluctuation-driven mechano-

transduction," Scientific Reports, vol. 407, no. 10, 2020.
 [5] J. S. de Sousa, R. S. Freire, F. D. Sousa, M. Radmacher, A. 

F. B. Silva, M. V. Ramos et al., "Double power-law visco-

elastic relaxation of living cells encodes motility trends," 
Scientific Reports, vol. 4749, no. 10, 2020.

 [6] W. Polacheck and C. Chen, "Measuring cell-generated 

forces: a guide to the available tools," Nat Methods, vol. 13, 
pp. 415-423, 2016.

 [7] R. Fernandez-Gonzalez, S. M. Simoes, J. C. Roper, S. Eaton, 

and J. A. Zallen, "Myosin II dynamics are regulated by ten-

sion in intercalating cells," Dev Cell, vol. 17, no. 5, pp. 

736-743, 2009.
 [8] R. Krenger, J. T. Burri, T. Lehnert, B. J. Nelson, and M. A. 

M. Gijs, "Force microscopy of the Caenorhabditis elegans 

embryonic eggshell," Microsyst Nanoeng, vol. 29, no. 6, 
2020.

 [9] S. Ishihara and K. Sugimura, "Bayesian inference of force 

dynamics during morphogenesis," Journal of Theoretical 

Biology, vol. 313, pp. 201-211, 2012.
[10] S. Ishihara, K. Sugimura, S. J. Cox, I. Bonnet, Y. Bellaïche, 

and F. Graner, "Comparative study of non-invasive force 

and stress inference methods in tissue," European Physical 

Journal E, pp. 36-45, 2013.
[11] K. K. Chiou, L. Hufnagel, and B. I. Shraiman, "Mechanical 

stress inference for two dimensional cell arrays," PLOS 

Computational Biology, vol. 8, no. 5, 2012.
[12] G. W. Brodland, V. Conte, P. G. Cranston, J. Veldhuis, S. 

Narasimhan, M. S. Hutson, et al., "Video force microscopy 

reveals the mechanics of ventral furrow invagination in 

Drosophila," Proc. Natl. Acad. Sci. U.S.A, vol. 107, pp. 

22111-22116, 20120.
[13] K. Sugimura, Y. Bellaïche, F. Graner, P. Marcq, and S. 

Ishihara, "Robustness of force and stress inference in an 

epithelial tissue," Annu. Int. Conf. IEEE Eng. Med. Biol. 

Soc., pp. 2712-2715, 2013.
[14] K. Sugimura and S. Ishihara, "The mechanical anisotropy 

in a tissue promotes ordering in hexagonal cell packing," 
Development, vol. 140, no. 19, pp. 4091-4101, 2013.

[15] S. Alt, P. Ganguly, and G. Salbreux, "Vertex models: from 

cell mechanics to tissue morphogenesis," Philos Trans R 

Soc Lond B Biol Sci, vol. 372, no. 1720, 2017.
[16] R. Farhadifar, J. C. Röper, B. Aigouy, S. Eaton, and F. Jülicher, 

"The influence of cell mechanics, cell-cell interactions, and 

proliferation on epithelial packing," Current Biology, vol. 17, 
no. 24, pp. 2095-2104, 2007.

[17] A. Adan, Y. Kiraz, and Y. Baran, "Cell proliferation and 

cytotoxicity assays," Current Pharmaceutical Biotechnology, 

vol. 17, pp. 1213-1221, 2016.
[18] J. Kursawe, R. E. Baker, and A. G. Fletcher, "Impact of 

implementation choices on quantitative predictions of cell-

based computational models," Journal of Computational 

Physics, vol. 345, pp. 752-767, 2017.
[19] S. Okuda, E. Kuranaga, and K. Sato, "Apical Junctional 

Fluctuations Lead to Cell Flow while Maintaining Epithe-

lial Integrity," Biophysical Journal, vol. 116, no. 6, pp. 

1159-1170, 2019.



均質および不均質な細胞における幾何学的手法による力推定の適用可能性の数値評価

59

三木裕一朗
Yuichiro MIKI

宮坂　翔
Shou MIYASAKA

和泉啓太
Keita IZUMI

宮坂　翔　Shou MIYASAKA

先進技術開発本部 数理技術研究所
Mathematical Sciences Research Laboratory 

Advanced Technology Research & Development

和泉啓太　Keita IZUMI

先進技術開発本部 数理技術研究所
Mathematical Sciences Research Laboratory 

Advanced Technology Research & Development

奥田　覚　Satoru OKUDA

金沢大学
Kanazawa University

三木裕一朗　Yuichiro MIKI

先進技術開発本部 数理技術研究所
Mathematical Sciences Research Laboratory 

Advanced Technology Research & Development




