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Table S1. Materials properties used in COMSOL Multiphysics environment for cobalt ferrite (CFO), barium titanate (BTO), alginate 

gel matrix (ALG), hydroxyapatite (HAP) and cell (CELL) domains.

Domain Designation Value Unit Reference

Density 5200 Kg/m3 1

Relative permittivity 10 - 2

Electrical conductivity 10-5 S/m 3,4

Poisson ratio 0.48 - 1

Young’s modulus 230*109 Pa 1

Magnetic susceptibility 0.42 -

Provided by 

manufacturer's 

measurements

CFO

Magnetic saturation 7.7*104 A/m Provided by 

Supplementary Information (SI) for Nanoscale Advances.
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manufacturer's 

measurements

Saturation magnetostriction -200 ppm 1

Density 5700 Kg/m3
COMSOL 

library

Relative permittivity {1115.1, 1115.1, 1251.3} -
COMSOL 

library

Electrical conductivity 178.5 S/m
COMSOL 

library

Elasticity matrix, Voigt notation

{150.4; 65.6; 150.4; 65.; 65.9; 

145.5; 0; 0; 0; 43.9; 0; 0; 0; 0; 

43.9; 0; 0; 0; 0; 0; 42.4}

GPa
COMSOL 

library

BTO

Coupling matrix, Voigt notation

{0; 0; -4.32; 0; 0; -4.32; 0; 0; 

17.4; 0; 11.4; 0; 11.4; 0; 0; 0; 

0; 0}

C/m2
COMSOL 

library

Density 1060 Kg/m3 5

ALG Relative permittivity 80 - 6

Electrical conductivity 0.02 S/m 7

Poisson ratio 0.5 - 5,8

Young’s modulus 10*103 Pa 9–11

Density 3160 Kg/m3 12

Relative permittivity 77.61 - 13

Electrical conductivity 3.7*10-11 S/m 14

Poisson ratio 0.3 - 15

Young’s modulus 102*109 Pa 15

Elasticity matrix, Voigt notation

{117.6, 34.6, 117.6, 72.0, 

72.0, 162.5, 0, 0, 0, 44.6, 0, 0, 

0, 0, 44.6, 0, 0, 0, 0, 0, 41.5}

GPa 15
HAP

Coupling matrix, Voigt notation

{0, 0, 15.06e-05, 0, 0, 15.06e-

05, 0, 0, 18.6e-05, 177.66e-

05, 55.53e-05, 0, 55.53e-05, -

177.66e-05, 0, 0, 0, 0}

C/m2 16

Density 1500 Kg/m3 17

Relative permittivity 80 - 18

Electrical conductivity 0.25 S/m 18,19

Poisson ratio 0.3 - 17,20

CELL

Young’s modulus 5.2*104 Pa 21
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Figure S1. Electric field distribution on the alginate gel matrix. (a) Horizontal cutline of 400 nm from the MENP shell and (b) the 

corresponding electric field values.

Figure S2. Uniformly and randomly distributed MENPs. Figures (a) and (b) show the electric field distribution in the alginate gel 

matrix at MENP concentrations of 2% with homogeneous and random distributions, respectively.

Table S2. Percentage of alginate gel matrix area covered by various electric field (E) thresholds at 2% MENPs for uniform and random 

MENP distributions, with the corresponding estimated 3D MENPs volume fraction.

MENPs 

distribution

Estimated 

MENPs volume 

fraction (%)

MENPs 

coverage area 

(%)

Electric field threshold (V/m)

E > 10 E > 102 E > 103 E > 104 E > 105

Uniform 0.23 2.0 99.98% 99.58% 91.32% 36.52% 0.93%

Random 0.23 2.0 99.98% 99.60% 89.06% 40.48% 1.08%
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Figure S3. Piezoelectric strain tensor distribution of HAP particles of varying sizes embedded in an alginate gel matrix between two 

MENPs under a DC magnetic field of 300 mT. The figures illustrate the piezoelectric strain tensor components XX (a–c), YY (d–f), and 

XY (g–i) for HAP particles with a fixed width of 50 nm and lengths of 100 nm, 200 nm, and 400 nm, respectively.
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Figure S4. Behavior of HAP particles of different orientations positioned between two MENPs in an alginate gel matrix under a static 

magnetic field. HAP particles with a length of 100 nm and varying orientations were placed between two MENPs at a concentration 

of 3% within the alginate gel matrix. Figures (a) and (b) depict the electric potential generated on the HAP particles oriented 

horizontally and partially rotated by 45 degrees, respectively. The corresponding displacement fields are shown in figures (c) and (d), 

while the von Mises stress distributions on the HAP particles are presented in figures (e) and (f). The von Mises stress induced in the 

alginate gel matrix is illustrated in figures (g) and (h).
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