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Origin of nonlinear force 
distributions in a composite system
Yuto Tamura, Marie Tani & Rei Kurita*

Composite materials have been actively developed in recent years because they are highly functional 
such as lightweight, high yield strength, and superior load response. In spite of importance of the 
composite materials, mechanisms of the mechanical responses of composites have been unrevealed. 
Here, in order to understand the mechanical responses of composites, we investigated the origin and 
nature of the force distribution in heterogeneous materials using a soft particle model. We arranged 
particles with different softness in a lamellar structure and then we applied homogeneous pressure to 
the top surface of the system. It is found that the density in each region differently changes and then 
the density difference induces a nonlinear force distribution. In addition, it is found that the attractive 
interaction suppresses the density difference and then the force distribution is close to the theoretical 
prediction. Those findings may lead material designs for functional composite materials.

Mechanical properties of single component materials are expressed by typical parameters such as Young’s modu-
lus and Poisson’s ratio and those parameters are important for material designs, construction industries and 
so on. On the contrary of the single component materials, the mechanical properties of composites, which are 
substances of combining multiple materials, cannot be described by linear combination of those parameters of 
each component1,2. Macroscopic material properties depend on the internal structure or arrangement of the com-
ponents. Thus, the composite materials with designed arrangement, which is sometimes called a metamaterial, 
have superior functions such as high strength despite lightness, toughness and highly fracture resistance exceed-
ing the simple combinations3–9. Those composites can be well observed in nature and biology. For an example, 
pearl shells have lamella structure of hard and soft layers and the soft layers absorb the energy of the cracks and 
then the material has resistant to fracture10. Recently, the composite materials mimicked the biomaterial, which 
is called biomimetics, have been developed11–13. Then the composite materials have been put to practical uses 
in airplanes and cars by realizing weight reduction and improving heat resistance14,15. Therefore, development 
of novel composite materials is actively promoted and the elucidation of their physical properties is expected.

In order to design the composites, mechanical responses for the external force in the composites are crucial. 
The mechanical properties are strongly connected with the force distribution inside the material. For example, 
the external force locally propagates like a chain in granular materials and it is related with the unique feature of 
the granular materials16. The jamming systems, which are densely packed particles, such as colloidal dispersion 
systems17, foams18–20 and emulsions21 also show the chain-like force propagation and then they show peculiar 
phenomena such as relaxation22, shear thickening, and shear thinning23–25. Particle simulations are being actively 
performed on such systems, and it has been found that these phenomena are caused by slight changes such as 
the change of the number of contact particles and the rearrangement of the internal structure. Although the 
mechanical properties in the single component systems have been investigated, the mechanism of the distribu-
tion of the external force in the composites has been unclear.

Here, understanding the force distribution mechanism can become a base of composite material design such 
as mixing method and mixing ratio and it will greatly lead to industrial developments in future. In this study, 
we focus on the non-uniformity of elastic modulus inside the material, and perform a numerical simulation 
using repulsive soft particles with different softness. The purpose is to clarify the mechanism of the nonlinear 
distribution of the force.

Model and methods
In this study, we investigated a two-dimensional binary repulsive soft particle model where the softness of each 
particle is different. We consider this system as a simple model of a composite elastic body with binary compo-
nents. We arranged 4096 soft disks in a 64 × 64 triangular grids. We set orientation of the triangular lattice so 
that the base of the triangle is parallel to the x axis in order that plastic rearrangement events hardly occur by 
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the external force in y axis (see an inset of Fig. 1a). The periodic boundary condition is applied in the x direction 
and the wall is located at y = 0. The particles are arranged at y > 0.

Pairs of the disks i and j interact via the pairwise harmonic repulsive potential:

where kij = (Gi + Gj)/2 , where Gi is a parameter corresponding to the softness of the disk i. rij is a center-to-
center distance between disks i and j, and D is a diameter of disks. f (r) = katt for r < 0 and f (r) = 1 for r > 0 , 
where katt is a positive constant and it corresponds to the strength of the attractive interaction. katt = 0 when 
the interaction is only repulsive. In this model, the overlap between pairs of particles is allowed and the friction 
between the disks is neglected for simplicity. We set nx and ny as a number of the layer from the origin in x direc-
tion and y direction, respectively. Here we normalized the length by the initial distance of the layers in y direction. 
Thus, before applying the external force, xy coordinate of the disk for nx and ny is equal to (x, y) = (nx/

√
3, ny).

We investigated a lamella structure in which the region of soft disks (Gs region) and the region of hard disks 
(Gh region) are arranged parallel to x axis (Fig. 1a). We fix Gi = 1 for the softer disk and we define Gi = Gh for the 
harder disk. The width of G h region Wn is set to Wn = 4, 6, or 8. The change of Wn corresponds to that of the area 
ratio between G s region and G h region. We added Fex = −0.01 in the y direction to the disks located at the top, 
that is, the external force direction is perpendicular to the lamella structure. The strength of Fex corresponds to 
the force when the size of the softer disk with Gi = 1 shrinks by 1 %. Each particle moves following the normal-
ized overdamped equation.

where ri is a position of disk i. The repulsive normal force between the disk i and the bottom wall is 
FN = (D/2− yi)(Gw + Gi)/2 when yi < D/2 . We set Gw = 1000 . When the maximum velocity in all particles 
becomes less than 1.0×10−6 , we regard that the system reaches a steady state.

Force distribution in a repulsive system
Firstly, we investigated the force distribution in the repulsive system ( katt = 0 ) with Gh = 3 . Figure 1b shows the 
force distribution represented by the color at Wn = 8 and then it is found that the force is larger in the G h region 
than in the G s region. It was also seen that the force distribution in the upper region is different from that in the 
lower region due to the influence of the boundary condition of the top surface. Here, we focus on the properties 
of the bulk and then we analyzed the lower region.

We also computed the displacement of the particles in x direction ux and in y direction uy at ny = 12 as a func-
tion of x with Gh = 3 . Figure 2a,b show ux uy for Wn = 4 (blue line), 6 (red line), and 8 (green line), respectively. 
It is found that ux shows a characteristic change. ux has a positive correlation with x in the G h region, while ux 
has a negative correlation in the G s region. It means that the particles at the interface between the G s region and 
the G h region are pushed toward the G s region because kij is asymmetric at the interface. Therefore, the density 
in the G s region becomes larger than in the G h region. It is also found that the slopes of ux subtly decreases in 
the G h region when Wn increases (0.0039 for Wn = 4 and 0.0031 for Wn = 8). Meanwhile, uy is less dependent 
on the value of G although the constant external force is applied, not the external control of the displacement 
in y direction. We note here that the subtle difference of uy in x direction depends on ny , thus this comes from 
an effect of the top surface boundary. However, uy can be regarded as constant macroscopically. In addition, uy 
becomes larger with increasing Wn.

Then, we examined the normal force FN on the bottom surface. It is found that the normal force in G h region 
becomes stronger than that in G s region (Fig. 2c). We define α as the ratio of the normal stress at nx = 32 to that 

(1)U(rij) =
kij
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Figure 1.   (a) kij distribution. Dark color corresponds to kij = 3, while bright color corresponds to kij = 1. Wn is 
a width of G h region. The inset schematic shows the arrangement of the triangular lattice. (b) Magnitude of the 
force is represented by the color, as indicated by the color bar. The force is larger in G h region.
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at nx = 0. Figure 2d shows α as a function of Wn . It is found that α slightly increases with increasing Wn . We will 
discuss the mechanism for the force distribution later.

Next, we investigated the force distribution by changing Gh between Gh = 1.5 and 10. Figure 3a,b show ux uy 
at Wn = 8 and ny = 12 for Gh = 1.5 (black line), 3 (blue line), and 5 (red line), and 10 (green line), respectively. 
The positive relation of ux in the G h region becomes stronger when Gh increases. It is also found that uy increases 
with increasing Gh . We also note that the difference of uy in x direction becomes larger with increasing Gh . We 
confirmed that the effect of the top surface is also stronger when Gh is larger. Therefore, we conclude that the 
subtle difference of uy in x direction is caused by the effect of the top surface boundary. However, the differ-
ence is still small and thus uy can be regarded as constant macroscopically. Figure 3c,d show FN on the bottom 
surface and α , respectively. The dotted line in (d) corresponds to the theoretical prediction using the continuum 
approximation, which we discuss later. It is found that α increases only from 1.2 to 1.8 and this is much less than 
the theoretical prediction.

Force distribution in an attractive system
Furthermore, we investigate the force distribution with the attractive interaction. Figure 4a shows ux(x) with 
changing the spring constant katt at Wn = 8 and Gh = 3. When katt becomes larger, the gradient of ux in G h region 
becomes smaller. It is natural that the attractive interaction suppresses the separation of the particles. Figure 4b 
shows α with respect to katt . It is found that α becomes larger for larger katt . Here we note that α becomes close 
to the theoretical prediction (2.4 for Gh = 3) at katt = 1.

From Wn and katt dependence of α (Figs. 2d, 4b), it is found that α becomes close to the theoretical prediction 
when the gradient of ux in G h region is small. In addition, the deviation of α from the theoretical prediction is 
large for larger Gh . Meanwhile, the slope of ux in the G h region is larger for larger Gh , smaller Wn , and smaller 
katt . It suggests that the deviation of α from the theoretical prediction should be correlated with the slope of ux 
in the G h region.

Origin of the nonlinear force distribution
Here we discuss the reason why uy is almost constant even though the softness is inhomogeneous. At the interface 
between G s and G h regions, the particles in the G s region and the particles in the G h region are staggered. The 
particles at the interface are geometrically pinned with respect to the movement in y direction and then uy should 
be continuous at the interface. Since the structural deformation is small, uy is almost independent of Gi . In order 
to check the pinned effect of the staggered arrangement, we examine the system where the orientation of the 
triangular lattice is rotated by 30 degrees, that is, the base of the triangle is parallel to the y axis. We investigate 

Figure 2.   (a) Displacement in the x axis direction ux and (b) displacement in the y axis direction uy at ny = 12 . 
The vertical dashed lines represent the interfaces between G h region and G s region. ux has a positive correlation 
with x in the G h region. Meanwhile, uy is almost constant. (c) The normal force FN on the bottom surface. (d) 
The ratio of the normal stress at G h region to that at G s region α . α increases with increasing Wn.
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displacements and force distribution at Wn = 8 and Gh = 3. It is found that ux is almost constant and uy is large 
in the G h region (see Fig. 5). The geometrical binding becomes much weaker in y direction and then the force 
propagates straightly in y direction. Then the particles mainly move in y direction rather than in x direction. 
Thus, we confirm that the staggered interface induced that uy is almost constant with respect to x.

Then we compare the continuum approximation in our system. We assume an isotropic elastic body where 
the height is H. The width of G s region is W (s) and the width of G h region is W (h) ( W (h) ≪ W (s) ). We also set 
the interface between G s region and G h region is bound. This assumption represents the geometric bound 
interface in our simulation. It is known that P(a)ij = �

(a)
∑

l E
(a)
ll δij + 2µ(a)Eij , where i, j, and l are x or y and 

Figure 3.   (a) Displacement in the x axis direction ux and (b) displacement in the y axis direction uy at ny = 12 . 
(c) The normal force FN on the bottom surface. (d) The ratio of the normal stress at G h region to that at G s 
region α . The dotted line in (d) corresponds to the theoretical prediction using the continuum approximation. α 
is much less than the theoretical prediction. This deviation comes from the density change of G h region.

Figure 4.   (a) Displacement in the x axis direction ux at ny = 12 with the attractive interaction systems. Gh = 3 
and Wn = 8. (b) α as a function of katt . When the attractive interaction becomes stronger, ux becomes flat and 
then α becomes close to the theoretical prediction.
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the superscript a is s for G s region or h for G h region. P(a)ij  and E(a)ij  are the stress tensor and the strain tensor 
in Ga region, respectively. The sign of P(a)ij  and E(a)ij  is defined as positive when the direction is from the inside 
to the outside of each region. � and µ are the Lamé’s constant. Young’s modulus Y and Poisson’s ratio σ can be 
described as Y = µ(3�+ 2µ)/(�+ µ) and σ = �/2(�+ µ) , respectively. To simplify, we apply the constant 
deformation HEyy in y direction, not the constant pressure. Then the deformation in x direction is described 
as W (h)E

(h)
xx = −W (s)E

(s)
xx  . Since the force in x direction is balanced at the interface, we obtained P(s)xx = P

(h)
xx  . 

Here we assume that Y (h) = kY (s) , and the Poisson’s ratio is same. It leads �(h) = k�(s) and µ(a) = c�(a) , where 
c = (1− 2σ)/2σ . Then we obtain

where γ = W (h)/W (s) . Then

and

Finally, we obtain

Meanwhile, the density can be described as below;

(3)E(h)xx = −
k − 1

(1+ 2c)(k + γ )
Eyy

(4)P(s)yy =�
(s)

[

γ (k − 1)
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Figure 5.   (a) Schematic of the arrangement of the triangular lattice. (b) Displacement in the x axis direction ux 
and (c) displacement in the y axis direction uy at ny = 12 . (d) The normal force FN on the bottom surface.
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where ρ0 is a density before the deformation. Here we assume γ ≈ 0 since W (h) ≪ W (s) . We 
also set c is constant because the Poisson’s ratio weakly depends on the materials ( 0 < σ < 0.5 ). 
Then i t  i s  obtained  that  E

(h)
xx = −(k − 1)Eyy/(1+ 2c)k  ,  α = [4c(1+ c)k + 1]/(1+ 2c)2  ,  and 

�ρ = ρ(s) − ρ(h) = ρ0E
(h)
xx /(1+ Eyy)(1+ E

(h)
xx ) . If k is independent of the density, k should be same as the 

ratio of G. Here σ is approximately 1/3 for metals and then we obtained c = 0.5. The dotted line in Fig. 3d is a 
prediction at c = 0.5. It is found that α obtained by the simulation is much less than the prediction for larger Gh.

Here, it is known that the elasticity dramatically increases with increasing the density near the close packing or 
jamming packing fraction. Thus k depends on the density after deformation, not constant. After the compression, 
ρ(h) is slightly smaller than ρ(s) ( �ρ > 0 ) and then this subtle density difference induces the large difference of 
the elasticity, that is, the large decrease of k. As a result, α decreases depended on �ρ , or E(h)xx  . This is consistent 
with the simulation results where the deviation of α from the theoretical prediction should be correlated with 
the slope of ux or E(h)xx  in the G h region.

Conclusion
In summary, a simulation was performed in which a force was applied from above in a soft-particle model 
arranged in a triangular lattice pattern. We considered a system in which the softness of the particles was dis-
persed and the hardness of the internal region was non-uniform. The force distribution is localized in the harder 
region but it is largely deviated from the prediction from the continuum approximation. It is found that the 
nonlinear distribution strongly depends on the expansion of the harder region in x due to the repulsive inter-
action. Meanwhile, the force distribution becomes close to the theoretical prediction when the strength of the 
attractive interaction is similar to that of the repulsive interaction, that is, the potential is close to the symmetric.

In this time, we have clarified the most basic state, but we consider that the future work is to introduce 
quantitative control of roughness and friction and expand it to more realistic problems. When there is friction 
between particles, it is expected that the spatial distribution of displacement will be suppressed and the force 
propagation will change significantly. Furthermore, it is expected to be applied to more industrial fields by 
clarifying the mechanical properties of composite material systems such as dynamic behaviors when a force is 
applied locally as well as uniform pressure.

Received: 21 October 2021; Accepted: 29 December 2021

References
	 1.	 Hopcroft, M. A., Nix, W. D. & Kenny, T. W. What is the young’s modulus of silicon?. J. Micromech. Syst. 19, 229–238 (2010).
	 2.	 Neville Greaves, G., Lindsay Greer, A., Lakes, R. S. & Rouxel, T. Poisson’s ratio and modern materials. Nat. Mat. 10, 823–837 (2011).
	 3.	 Pendry, J. B., Schurig, D. & Smith, D. R. Controlling electromagnetic fields. Science 312, 1780–1782 (2006).
	 4.	 Smith, D. R., Padilla, W. J., Vier, D. C., Nemat-Nasser, S. C. & Schultz, S. Composite medium with simultaneously negative perme-

ability and permittivity. Phys. Rev. Lett. 84, 4184–4187 (2000).
	 5.	 Pendry, J. B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 85, 3966 (2000).
	 6.	 Davami, K., Zhao, L., Eric, L., Cortes, J. & Lin, C. Drew E Lilley, Prashant K Purohit, and Igor Bargatin, Ultralight shape-recovering 

plate mechanical metamaterials. Nat. Commun. 6, 1 (2015).
	 7.	 Zheng, X. et al. Ultralight, ultrastiff mechanical metamaterials. Science 344, 1373–1377 (2014).
	 8.	 Clausen, A., Wang, F., Sigmund, O., Lewis, J. A. & Jensen, J. S. Topolpgy optimized architectures with programmable poisson’s 

ratio over large deformations. Adv. Mater. 27, 5523–5527 (2015).
	 9.	 Bertoldi, K., Vitelli, V., Christensen, J. & van Hecke, M. Flexible mechanical metamaterials. Nat. Rev. Mat. 2, 1 (2017).
	10.	 Aoyanagi, Y. & Okumura, K. Stress and displacement around a crack in layered network systems mimicking nacre. Phys. Rev. E 

79, 066108 (2009).
	11.	 Mayer, G. & Sarikaya, M. Rigid biological composite materials: Structural examples for biomimetic design. Exp. Mech. 42, 395–403 

(2002).
	12.	 Svagan, A. J., Azizi Samir, M. A. S. & Berglund, L. A. Biomimetic polysaccharide nanocomposites of high cellulose content and 

high toughness. Biomacromolecules 8, 2556–2563 (2007).
	13.	 Tani, M. et al. Capillary rise on legs of a small animal and on artificially textured surfaces mimicking them. PLoS ONE 9, e96813 

(2014).
	14.	 Faruk, O., Bledzki, A. K., Fink, H. P. & Sain, M. Progress report on natural fiber reinforced composites. Macromol. Mater. Eng. 

299, 9–26 (2014).
	15.	 Bulgakov, B. A. et al. Dual-curing thermosetting monomer containing both propargyl ether and phthalonitrile groups. Appl. Polym. 

Sci. 133, 1 (2017).
	16.	 Duran, J.  Sands, powders, and grains: an introduction to the physics of granular materials (Springer Science & Business Media, 

2012)
	17.	 Kurita, R. & Weeks, E. R. Experimental study of random close packed colloidal particles. Phys. Rev. E 82, 041402 (2010).
	18.	 Pusey, P. N. & van Megen, W. Phase behaviour of concentrated suspensions of nearly hard colloidal spheres. Nature 320, 340–342 

(1986).
	19.	 Furuta, Y., Oikawa, N. & Kurita, R. Close relationship between a dry-wet transition and a bubble rearrangement in two-dimensional 

foam. Sci. Rep. 6, 3 (2016).
	20.	 Yanagisawa, N., Tani, M. & Kurita, R. Dynamics and mechanism of liquid film collapse in a foam. Soft Matter 17, 1738–1745 (2021).
	21.	 Desmond, K. W. & Weeks, E. R. Measurement of stress redistribution in flowing emulsions. Phys. Rev. Lett. 115, 098302 (2015).
	22.	 Yanagisawa, N. & Kurita, R. Size distributuion dependence of collective relaxation dynamics in a two-dimensional wet foam. Sci. 

Rep. 11, 1 (2021).
	23.	 Brown, E. & Jaeger, H. M. Shear thickening in concentrated suspensions: Phenomenology, mechanisms, and relations to jamming. 

Rep. prog. Phys. 77, 1 (2014).
	24.	 Kawasaki, T. & Berthier, L. Discontinuous shear thickening in brownian suspensions. Phys. Rev. E 98, 012609 (2018).
	25.	 Kawasaki, T., Ikeda, A. & Berthier, L. Thinning or thickening? Multiple rheological regimes in dense suspensions of soft particles. 

Europhys. Lett. 107, 1 (2014).



7

Vol.:(0123456789)

Scientific Reports |          (2022) 12:632  | https://doi.org/10.1038/s41598-021-04693-8

www.nature.com/scientificreports/

Acknowledgements
M. T. was supported by JSPS KAKENHI (20K14431) and R. K. was supported by JSPS KAKENHI (17H02945 
and 20H01874).

Author contributions
R.K. conceived the project and Y.T. performed the numerical simulations. M.T. and R.K. conceived the con-
tinuum approximation. Y.T. and R.K. wrote the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Origin of nonlinear force distributions in a composite system
	Model and methods
	Force distribution in a repulsive system
	Force distribution in an attractive system
	Origin of the nonlinear force distribution
	Conclusion
	References
	Acknowledgements


