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Abstract 
 

Structural battery composites (SBCs) are multifunctional composites that 

can serve as both an energy storage and external load supporter. Carbon fiber 

and epoxy-based structural electrolyte with excellent mechanical properties 

used for SBCs serve as the electrode and transport Li-ion, respectively. 

Establishing a simplified model is essential to predict the effective 

electrochemical and mechanical behaviors of large-scale SBCs. Herein, we 

carried out a coupled electrochemical-mechanical analysis using multiscale 

modeling for optimum design of large-scale SBCs. A yarn scale model was 

built using electrochemical and mechanical homogenization methods. In a 

parallel effort, a filament scale model was visually modeled without any 

homogenization method. Then, the two models were analyzed and compared. 

A similarity between the yarn scale and the filament scale was verified by 

using 3D shape descriptors (compactness and cubeness) and volume-

averaged method. These results provide a theoretical understanding of 

electrochemical and mechanical behaviors of SBCs in multiscale. 

 

Keywords: Structural battery composites, coupled electrochemical-

mechanical analysis, multiscale modeling, homogenization 



 

 ii

Student Number: 2020-29422 



 

 iii

Contents 
Abstract….….………………………………………………………………i 

Contents……………………………………………………………………iii 

List of Tables….….….……………………………………………………...v 

List of Figures….….….…………………………………………………….v 

 

1. Introduction……………………………………………………………1 

1.1. Structural battery composites…………………………………….………….…1 

1.2. Previous studies of electrochemical-mechanical simulation for SBCs……...…1 

1.3. Research objectives….……………………………………………….….……..2 

 

2. Multiscale modeling….….…………………………………………….4 

2.1. Yarn scale….……...…………………………………………………………….6 

2.1.1. Electrochemical model.….………………………………………………...6 

2.1.2. Mechanical model….….….…………………………………………….10 

2.2. Filament scale.………………………………………………………………...11 

2.2.1. Electrochemical model ...….….……….………………………………….11 

2.2.2. Mechanical model ………………………...….………………………..…13 

2.3. Geometrical and physical parameters…………………………………………14 

 

3. Results and Discussion….…………………………………………………18 

3.1. Electrochemical and mechanical analysis of yarn scale……………….………18 

3.2. Electrochemical and mechanical analysis of filament scale……...……………21 

3.3. Comparison between yarn scale and filament scale.……………………….24 

3.3.1. Electrochemical property comparison ...….….……….…….....………….24 



 

 iv

3.3.2. Mechanical property comparison ……………………...…..…………..…28 

 

4. Conclusion………….….….….…………………………………30 

Appendix A….….………………………………..………………………31 

Reference….….….………………………………………………………33 

Korean abstract….………………………………………………………37 



 

 v

 List of Tables 
Table 1 Parameters of geometry. 

Table 2 Parameters of electrochemical model. 

Table 3 Parameters of mechanical model. 

Table 4 Comparison of compactness between YS and FS over time. 

Table 5 Comparison of cubeness between YS and FS over time. 

 

List of Figures 
Figure 1 Illustration of two different scale models for the unidirectional SBCs. (a) 
unidirectional large-scale SBCs in YS, (b) unidirectional large-scale SBCs in FS, (c) 
repeated unit of unidirectional large-scale SBCs in YS, (d) repeated unit of 
unidirectional large-scale SBCs in FS, (e) 2D simulation model of repeated unit in 
YS and (f) 2D simulation model of repeated unit in FS. 
 
Figure 2 Normalized Li concentration distribution over time in YS. (Left color bar : 
yarn electrode, right color bar : PE) 
 
Figure 3 Mechanical analysis of YS model at t = 1800 s. (a) Von mises stress, (b) 

xxs , (c) yys , (d) zzs  and (e) volumetric strain. 
 
Figure 4 Normalized Li concentration distribution over time in FS. (Left color bar : 
carbon fiber, right color bar : PE) 
 
Figure 5 Mechanical analysis of FS model at t = 1800 s. (a) Von mises stress, (b) 

xxs , (c) yys , (d) zzs  and (e) volumetric strain. 
 
Figure 6 Comparison of voltage profile between YS and FS. 
 
Figure 7 Comparison of volumetric strain between YS and FS over time via surface 
average function. 
 



 

 １

Chapter 1. Introduction 

 
1.1. Structural battery composites 

Currently, interest in Li-ion batteries (LIBs) is growing due to the growth of the 

electric vehicle market and environmental problems [1-3]. LIBs used in electric 

transportation have difficulties in fire hazards due to the use of liquid electrolyte and 

increased weight of the entire system due to LIBs’ own weight [4-7]. As an 

alternative to solving the above problems, SBCs have been introduced that can serve 

as the same energy storage as LIBs and can be used as the outer frame of 

transportation with external load support [8-10]. The important materials used in 

SBCs are carbon fiber which acts as the electrode and has excellent mechanical 

properties, and non-flammable epoxy-based structural electrolyte (SE) that can 

transport Li-ion while having good mechanical properties [11, 12]. The fabrication 

of the SBCs using the above materials lags far behind their conceptual theory due to 

experimental limitations, but Asp et al. recently built a developed model of SBCs 

[13]. 

 
1.2. Previous studies of electrochemical-mechanical simulation for 

SBCs 

Following the above interest, the development of electrochemical-mechanical 

simulation for SBCs is in progress based on previous studies on simulation of LIBs. 

Li et al. investigated the stress in positive particles of LIBs according to charging 

rates and structural parameters [14]. Based on a multiscale approach, Lee et al. 
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developed an electrochemical-mechanical modeling framework to study stress 

generation in LIBs [15]. The similarity of the two different scale models in LIBs was 

verified by Wu et al. through electrochemical and mechanical analysis [16]. 

Furthermore, Xu et al. conducted a multiphysics modeling to analyze for 

electrochemical and mechanical behaviors in a single carbon fiber micro-battery [17]. 

Carlstedt et al. investigated the effects of state of charge on elastic properties of 3D 

SBCs and proposed modeling framework of laminated SBCs to account for 

electrochemical-mechanical coupling effects [18, 19]. Yin et al. and Hong et al. 

proposed a modeling framework for modified carbon fiber anode to improve the 

electrochemical properties and analyzed structural parameters for modified carbon 

fiber electrodes [20, 21]. Previous studies showed that the frameworks applied to 

SBCs were visually modeled with individual carbon fiber filaments. 

 
1.3. Research objectives 

When manufacturing large-scale SBCs to be used for the outer frame of 

transportation with carbon fiber yarn, the numerous carbon fiber filaments inevitably 

have the form of yarn. Also, establishing a simplified model is essential to predict 

the effective electrochemical and mechanical behaviors of large-scale SBCs. A yarn 

scale (YS) modeling framework, which can be linked with a filament scale (FS) to 

simulate large-scale SBCs, has not been conducted. 

Herein, we carried out a coupled electrochemical-mechanical analysis using 

multiscale modeling for optimum design of large-scale SBCs. First, the YS model 

was built using homogenization methods based on the porous electrode theory and 

the Mori-Tanaka model [22, 23]. In a parallel effort, the FS model was visually 
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modeled without any homogenization method. Then, electrochemical and 

mechanical analyses were performed at each scale. Finally, the similarity of these 

two scales in the electrochemical aspect was analyzed using the 3D shape descriptors. 

The similarity of these two scales in the mechanical aspect was analyzed using the 

volume-averaged method. 
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Chapter 2. Multiscale modeling 

 
Unidirectional SBCs are laminated structures, in which positive electrode (PE), 

separator, and carbon fiber are stacked in order, and the remaining space is filled 

with SE. LiFePO4 (LFP) was used as an active material of PE. The PE was modeled 

as the porous electrode in which active material, binder, carbon black, and SE are 

mixed in a certain ratio [22]. On the other hand, carbon fiber was used as an active 

material of negative electrode without the above mixing process. Based on the 

experimental design of SBCs [13], large-scale SBCs in YS and FS were illustrated 

by using these materials in Figure 1(a) and (b). Since computational time and cost 

are limited in simulating the whole large-scale SBC, we extracted repeated unit of 

large-scale SBCs as shown in Figure 1(c) and (d). In the repeated unit, geometric 

parameters of each component were summarized in Table 1. Next, we designed 2D 

simulation models of repeated unit for convenience as shown in Figure 1(e) and (f). 

In both models, one specific carbon fiber of each yarn was modeled as a current 

collector that plays a role in exchanging electrons between an external circuit and 

active material due to high electrical conductivity [24]. 
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Figure 1 Illustration of two different scale models for the unidirectional SBCs. (a) 
unidirectional large-scale SBCs in YS, (b) unidirectional large-scale SBCs in FS, (c) 
repeated unit of unidirectional large-scale SBCs in YS, (d) repeated unit of 
unidirectional large-scale SBCs in FS, (e) 2D simulation model of repeated unit in 
YS and (f) 2D simulation model of repeated unit in FS. 
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2.1. Yarn scale 

2.1.1. Electrochemical model 

In the YS, a carbon fiber yarn consisted of numerous carbon fiber filaments and SE. 

It was regarded as the porous electrode in which two continuous phases coexist. 

 

(a) Electrolyte domain 

In the electrolyte domain of porous electrode, the conservation of mass is described 

by the Nernst-Plank equation as below: 

 Yl
l l l
c

f R
t

¶
+Ñ × =

¶
N  (1) 

 

where lf  is the volume fraction of electrolyte, lc  is the Li-ion concentration in the 

electrolyte, t  is the time, Y
lN  is the Li-ion flux of electrolyte in YS, and lR  is 

the mass source of Li-ion in the electrolyte. In conventional battery conditions, 

convection, one of the three main mass transport mechanisms in the electrolyte, is 

not considered. So Li-ion flux is given by diffusion and electromigration: 
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Y
Y eff l
l l
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where eff
lD   is the effective electrolyte diffusivity, Y

li   is the current density of 

electrolyte in YS, t+   is the Li-ion transference number, and F   is the Faraday 

constant. Y
li  is described with Ohm’s law and Li-ion concentration gradient: 

 ( )2 ln1 1 ln
ln

eff
Y eff l
l l l l

l

RT f t c
F c

s
s f +

æ öæ ö¶
= - Ñ + + - Ñç ÷ç ÷¶è øè ø

i  (3) 

 

where eff
ls  is the effective electrolyte conductivity, lf  is the electrolyte potential, 
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R  is the gas constant, and f  is the electrolyte activity coefficient. 

In porous electrode like YS, transport properties should be calibrated because of 

the effects of porosity. So effective transport properties are given by: 

 eff
l l lf gs s= , eff

s s sf gs s= , eff
l l lD f Dg=  (4) 

 

where ls   is the electrolyte conductivity, eff
ss   is the effective electrical 

conductivity, sf   is the volume fraction of active material, ss   is the electrical 

conductivity, lD  is the electrolyte diffusivity, and g  is the Bruggeman constant, 

which has a value of 1.5 for spherical particles such as LFP [25]. On the other side, 

carbon fiber as active material has cylindrical geometry. For non-spherical particles 

like carbon fiber, different appropriate g  should be applied [26]. 

The conservation of charge in the electrolyte is related with Li intercalation induced 

current density i : 

 Y
l sa iÑ× =i  (5) 

 

where sa  is the surface of active material per unit volume. For spherical particles 

3 s
s

p

fa
r

=  , where pr   is the radius of active material. On the other hand, for 

cylindrical particles 2 s
s

f

fa
r

= , where fr  is the radius of carbon fiber. 

 

(b) Electrode domain 

In the electrode domain of porous electrode, the conservation of mass is described 

by Fick’s law for diffusion: 
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 0Ys
s

c
t

¶
+Ñ × =

¶
N  (6) 

 Y
s s sD c= - ÑN  (7) 

 

where sc  is the Li concentration of active material, Y
sN  is the Li flux of active 

material in YS, and sD  is the diffusion coefficient of active material. The current 

density in the electrode domain is described by Ohm’s law: 

 Y eff
s s ss f= - Ñi  (8) 

 

where Y
si  is the current density of active material in YS and sf  is the potential of 

active material. The conservation of charge in active material is related to Li 

intercalation induced current density: 

 Y
s sa iÑ× = -i  (9) 

 

(c) Charge transfer kinetics 

The electrochemical reaction occurs at the interface between active material and 

electrolyte, which is governed by the Butler-Volmer equation: 

 0 exp expa cF F
i i

RT RT
a h a hé - ùæ ö æ ö= -ê úç ÷ ç ÷
è ø è øë û

 (10) 

 

where 0i  is the exchange current density, aa  and ca  are the anodic and cathodic 

charge transfer coefficients, h  is the overpotential, and T  is the temperature. 0i  

and h  are calculated as below: 

 0 ,max , ,
,0

( ) ( ) ( ) ( )
a

a c a c l
c a s s surf s surf

l

c
i F k k c c c

c

a

a a a a æ ö
= - ç ÷ç ÷

è ø
 (11) 
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 s l eqEh f f= - -  (12) 

 

where ak   and ck   are the anodic and cathodic rate constant, ,maxsc   is the 

maximum Li concentration in the active material, ,s surfc  is the Li concentration on 

the active material surface, lc   and ,0lc   are the Li-ion concentration in the 

electrolyte and the initial Li-ion concentration in the electrolyte, and eqE  is the open 

circuit potential of active material. The governing equations of reaction kinetics are 

the same for both YS and FS. The boundary conditions for the electrochemical model 

in YS are given by: 

 0sc
r

¶
=

¶
 at 0r =  (13a) 

 s
s

c iD
r F

¶
- =

¶
 at pr r=  and fr r=  (13b) 

 ,0s sc c=  and ,0l lc c=  at 0t =  (13c) 

 0Y
ln × N =  at 0x = , x W= , 0y =  and c s ay L L L= + +  (13d) 

 0Y
sn × =i  and 0Y

ln × =i  at 0x = , x W=  and c s ay L L L= + +  (13e) 

 Y
s appn I- × =i  at 0y =  (13f) 

 0sf =  at the current collector surface (13g) 

 

where appI  is the applied current density based on C-rate of 1C when SBCs are 

charged. 
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2.1.2. Mechanical model 

Like a porous electrode in the electrochemical model, a carbon fiber yarn was 

considered as a composite electrode. Methods based on volume average for 

predicting homogenized mechanical properties of composite include Voigt model, 

Reuss model, and Mori-Tanaka model [27]. Among them, the Mori-Tanaka model, 

which is the most common and highly accurate model, was applied to the yarn. 

Assuming battery components are linear-elastic materials, the macroscopic stress 

is governed by stress equilibrium: 

 0YsÑ × =  (14) 

 

where Ys  is the stress in YS and body force is neglected. The macroscopic stress 

tensor is given by: 

 ( )Y Y Y
ij ijkl kl klCs e e d= -  (15) 

 

where Y
ijklC  is the effective stiffness tensor of yarn, kle  is the strain tensor, Ye  is 

the Eigen strain tensor of yarn resulting from Li intercalation/deintercalation of 

carbon fiber, and kld   is the Kronecker delta. Based on volume average, Ye   is 

given by: 

 ( )Y
s ij avg reff M c ce b= -  (16) 

 

where ijb  is the swelling tensor of carbon fiber, M  is the molar mass of Li, avgc  

is the average Li concentration in the active material, and refc   is the strain-free 

reference concentration. The calculation process of Y
ijklC  using MATLAB was found 
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in Appendix A. The boundary conditions for the mechanical model in YS are given 

by: 

 0u =  at 0y =  and c s ay L L L= + +  (17a) 

 0u n× =  at 0x =  and x W=  (17b) 

 

where u  is the displacement and n  is the unit normal vector. 

 

2.2. Filament scale 

The FS model was visually modeled as carbon fiber filaments were gathered in the 

form of closed packing. Furthermore, SE and carbon fiber filaments were depicted 

separately. 

 

2.2.1. Electrochemical model 

(a) Electrolyte domain 

In the electrolyte domain, the conservation of mass is described by the Nernst-Plank 

equation as below: 

 0Fl
l

c
t

¶
+Ñ × =

¶
N  (18) 

 

where F
lN  is the Li-ion flux of electrolyte in FS. The Li-ion flux in the electrolyte 

domain is given by: 

 
F

F l
l l l

t
D c

F
+= - Ñ +

i
N  (19) 

 

where F
li  is the current density of electrolyte in FS. F

li  is described with Ohm’s 
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law and Li-ion concentration gradient: 

 ( )2 ln1 1 ln
ln

F l
l l l l

l

RT f t c
F c

s
s f ±

+

æ ö¶æ ö= - Ñ + + - Ñç ÷ç ÷ ¶è øè ø
i  (20) 

 

The conservation of charge in the electrolyte is given by: 

 0F
lÑ× =i  (21) 

 

(b) Electrode domain 

In the electrode domain of FS, the conservation of mass is described by Fick’s law 

for diffusion: 

 0Fs
s

c
t

¶
+Ñ × =

¶
N  (22) 

 F
s s sD c= - ÑN  (23) 

 

where F
sN  is the Li flux of active material in FS. The current density in the electrode 

domain is described by Ohm’s law: 

 F
s s ss f= - Ñi  (24) 

 

where F
si  is the current density of active material in FS. The conservation of charge 

in active material is given by: 

 0F
sÑ× =i  (25) 

 

The boundary conditions for the electrochemical model in FS are given by: 

 0F
sn × =N  at current collector surface (26a) 
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 F
s

in
F

× =N  at electrolyte-carbon fiber interface (26b) 

 0F
ln × =N  at 0x = , x W= , 0y =  and c s ay L L L= + +  (26c) 

 F
l

in
F

× =N  at electrolyte-carbon fiber interface (26d) 

 0F
sn × =i  and 0F

ln × =i  at 0x = , x W=  and c s ay L L L= + +  (26e) 

 F
sn i× = -i  and F

ln i× =i  at electrolyte-carbon fiber interface (26f) 

 F
s appn I- × =i  at 0y =  (26g) 

 0sf =  at current collector surface (26h) 

 

2.2.2. Mechanical model 

Carbon fiber and SE have mechanical properties of transverse isotropic and 

isotropic respectively. Stress equilibrium in FS is given by: 

 0FsÑ × =  (27) 

 

where Fs  is the stress in FS and body force is neglected. The stress tensor of carbon 

fiber and SE is given by: 

 ( )F F F
ij ijkl kl klCs e e d= -  (28) 

 

where F
ijklC  is the stiffness tensor of each component calculated by Hooke’s law and 

Fe   is the Eigen strain tensor of carbon fiber resulting from Li 

intercalation/deintercalation. 

 ( )F
ij s refM c ce b= -  (29) 
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The calculation process of F
ijklC   was implemented by MATLAB using the 

mechanical properties of each component. The boundary conditions for the 

mechanical model in FS are given by: 

 0u =  at 0y =  and c s ay L L L= + +  (30a) 

 0u n× =  at 0x =  and x W=  (30b) 

 

2.3. Geometrical and physical parameters 

The parameters required for the electrochemical model and mechanical model were 

summarized in Table 1, Table 2, and Table 3 respectively. We used the built-in 

properties of LFP and brought the properties of IMS65 carbon fiber. Also, the open 

circuit potential data of carbon fiber was replaced by experimental data at slow 

cycling (0.3C) in a carbon fiber-Li metal coin cell [24]. The diffusivity of cation and 

anion in SE was assumed to be equal. Both simulation models were solved using 

finite element method (FEM) software COMSOL Multiphysics 5.6 under plane 

strain condition. 
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Table 1 Parameters of geometry. 

Parameters Value Reference 

Length of positive electrode/ cL  (μm) 50  

Length of separator/ sL  (μm) 6.28  

Length of negative electrode/ aL  (μm) 150  

Width of repeated unit/W  (μm) 50  

Radius of LFP particle/ pr  (μm) 0.1  

Radius of carbon fiber/ fr  (μm) 2.5 [24] 
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Table 2 Parameters of electrochemical model. 

Parameters Domain/ 
material Value Reference 

Volume fraction of active material/ sf   PE 0.4  
Yarn 0.755  

Volume fraction of electrolyte/ lf   
PE 0.5  
Separator 0.5  
Yarn 0.245  

Maximum Li concentration in active 
material/ ,maxsc  (mol/m3) 

LFP 21190  

Carbon fiber 16800 [19] 
Initial Li concentration in active material/

,0sc  (mol/m3) 
LFP 21190  
Carbon fiber 168  

Initial Li-ion concentration in electrolyte/
,0lc  (mol/m3) SE 1000  

Diffusion coefficient of active material/ sD  
(m2/s) 

LFP 3.2×10-13  

Carbon fiber 1×10-13 [24] 
Diffusion coefficient of electrolyte/ lD  
(m2/s) 

SE 2.66×10-12 [12, 28, 29] 

Electrical conductivity/ ss  (S/m) 
LFP 91  

Carbon fiber 69000 [24] 
Electrolyte conductivity/ ls  (S/m) SE 2×10-2 [12] 
Transport number/ t+  SE 0.363  

Reaction rate constant/ ck , ak  
PE 4.5×10-12 [30] 

Yarn 4.2×10-12 [30] 

Bruggeman constant/ g  
PE 1.5 [25] 

Yarn 1.7 [26] 
Applied current density/ appI  (A/m2)  10.11 [31, 32] 

Temperature/T  (K) All domain 298  

Faraday constant/ F  (C/mol) All domain 96500  

Gas constant/ R  (J/mol ∙ K) All domain 8.314  
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Table 3 Parameters of mechanical model. 

Parameters Material Value Reference 

Longitudinal modulus/ zzE  (GPa) Carbon fiber 290 [11] 
Transverse modulus/ xxE , yyE  (GPa) Carbon fiber 21.8 [11] 
Poisson’s ratio/ sv  Carbon fiber 0.2  
Longitudinal shear modulus/ yzG  , zxG  
(GPa) 

Carbon fiber 12.5 [11] 

Transverse shear modulus/ xyG  (GPa) Carbon fiber 9.08  
Elastic modulus/ lE  (GPa) SE 0.53 [12] 
Poisson’s ratio/ lv  SE 0.33  
Longitudinal swelling coefficient/ zzb  
(m3/kg) 

Carbon fiber 1.718×10-4 [19, 20, 33] 

Transverse swelling coefficient/ xxb , yyb  
(m3/kg) 

Carbon fiber 8.589×10-4 [19, 20, 33] 

The molar mass of Li (g/mol)  7  

Strain-free reference concentration/ refc  
(mol/m3) 

Carbon fiber 168  
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Chapter 3. Results and Discussion 

 
3.1. Electrochemical and mechanical analysis of yarn scale 

Figure 2(a)-(d) shows the average Li concentration distribution in YS with time. 

The Li concentration decreased in PE and increased in yarn electrode during charge. 

In yarn electrode, since the Li intercalation started from the carbon fiber filaments 

close to the PE, the Li concentration of Yarn 1 was higher than that of Yarn 3. The 

difference in the Li concentration between Yarn 1 and Yarn 3 became larger with 

time. Figure 3(a) shows the Von mises stress due to the Li intercalation in YS. By 

comparing Figure 2(b) and Figure 3(a), it could be seen that the Von mises stress 

distribution showed the same tendency as the Li concentration distribution. When 

the stress components were examined separately, xxs  , yys  , and zzs   were all 

negative values, indicating compressive stress (Figure 3(b)-(d)). xxs and yys  with 

relatively small absolute values contributed little to the Von mises stress, whereas 

zzs  with relatively large absolute values was a major factor of the Von mises stress 

due to the large longitudinal modulus of yarn. Figure 3(e) shows the volumetric 

strain, which means that volume expansion due to Li intercalation occurred because 

the value of volumetric strain was positive. It could be seen that the volumetric strain 

also showed the same tendency as the Li concentration distribution in Figure 2(b). 
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Figure 2 Normalized Li concentration distribution over time in YS. (Left color bar : 
yarn electrode, right color bar : PE) 
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Figure 3 Mechanical analysis of YS model at t = 1800 s. (a) Von mises stress, (b) 
xxs , (c) yys , (d) zzs  and (e) volumetric strain. 
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3.2. Electrochemical and mechanical analysis of filament scale 

Figure 4(a)-(d) shows the Li concentration distribution in FS with time. The Li 

concentration in the carbon fiber filaments increased with time overall. The Li 

intercalation started from the carbon fiber filaments close to the PE, so the Li 

concentration of Yarn 1 was higher than that of Yarn 3. As time went on, the 

difference in the Li concentration between Yarn 1 and Yarn 3 became larger. After 

the electrochemical reaction occurred at the interface between carbon fiber filament 

and electrolyte, Li entered the center of each carbon fiber filament by diffusion, so 

it should have had a circular Li concentration gradient in carbon fiber filaments. 

However, since the carbon fiber filaments were arranged in closed packing with a 

limited SE, the mass transfer did not occur effectively in the yarn electrode, and thus 

a circular Li concentration gradient in the carbon fiber filaments did not appear. 

The Von mises stress distribution, which appeared due to volume expansion by Li 

intercalation, was governed by Li concentration in the carbon fiber filaments as 

shown in Figure 4(b) and Figure 5(a). Furthermore, when numerous carbon fiber 

filaments were gathered to have the shape of yarn, contact with each carbon fiber 

filament was inevitable. The stress concentration occurred at these contact parts and 

had the same stress as in Figure 5(b) and (c). The main factor having the Von mises 

stress distribution as shown in Figure 5(a) was the zzs  in Figure 5(d) because of 

extremely high longitudinal modulus of carbon fiber. In Figure 5(e), it could be seen 

that the carbon fiber filaments expanded during Li intercalation because the value of 

volumetric strain was positive. The volumetric strain by stress concentration at the 

contact parts and the volumetric strain by Li intercalation appeared together. 
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Figure 4 Normalized Li concentration distribution over time in FS. (Left color bar : 
carbon fiber, right color bar : PE) 
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Figure 5 Mechanical analysis of FS model at t = 1800 s. (a) Von mises stress, (b) 
xxs , (c) yys , (d) zzs  and (e) volumetric strain. 
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3.3. Comparison between yarn scale and filament scale 

3.3.1. Electrochemical comparison 

To confirm the electrochemical similarity of two different scale models, we 

compared voltage-time graphs between YS and FS. The voltage-time graphs showed 

no significant difference as shown in Figure 6. However, comparing the voltage-

time graphs was difficult to validate the similarity between YS and FS because the 

Li concentration distributions of two different scale models were slightly different. 
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Figure 6 Comparison of voltage profile between YS and FS. 

 

Therefore, we used a geometric analysis that can quantify 3D shape called 

compactness [34, 35]. This analysis could indicate that how much a given 3D shape 

differs from the most compact shape, a sphere, as a numeric value between 0 and 1. 

Compactness ( zC ) based on the geometric moment is obtained as follows: 
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where 
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The central moment consists of centroid and moment as follow: 
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Moment, , ,
p q r

p q r S
m x y z dxdydz= ò ò ò  (34) 

 

Another 3D shape descriptor called cubeness based on the geometric moment was 

also used. This analysis could indicate that how much a given 3D shape differs from 

the most compact shape, a cube, as a numeric value between 0 and 1 [35, 36]. 

Cubeness ( MC ) is calculated as follows: 

 { }
4/3

, [0,2 ] ( , )

3
8 min max , ,

M

S

VolumeC
x y z dxdydza b a bÎ p

= ´
òòò

 (35) 

 

where ( , )S a b  indicates that the shape S  is rotated along the x-axis by a  angle 

and along the y-axis by b   angle. To calculate compactness and cubeness using 

Equations (31)-(35) in MATLAB, x   component, y   component, and z  

component were set as x-coordinate, y-coordinate, and value of Li concentration 

respectively. In YS, since the yarn was treated as porous electrode, the Li 

concentration was observed in all yarn domain. However, since the Li concentration 
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should only appear in the carbon fiber domain, we selectively extracted the value of 

Li concentration from YS.  

Table 4 shows the comparison of compactness between YS and FS over time. At 0 

s, all yarn had same the compactness in both scales due to the initial Li concentration 

condition. Overall, the compactness of both scales in all yarn decreased with time. 

This was because 2,0,0m  and 0,2,0m  were not changed with time but 0,0,2m , which 

was the second central moment of Li concentration, increased with time. The 

compactness values for all yarn were similar until 1800 s, but showed a difference 

after 1800 s. And when considering the total amount of Li concentration in each yarn 

domain, the similarity in the compactness of Yarn 1 was greater than the similarity 

in the compactness of Yarn 3. Table 5 shows the comparison of cubeness between 

YS and FS over time. At 0 s, all yarn also had the same cubeness in both scales due 

to the initial Li concentration condition. The cubeness values for Yarn 1 were similar 

until the end of charge, while the cubeness values for Yarn 2 and Yarn 3 were similar 

until 1800 s, and showed a difference after 1800 s. Therefore, the similarity of 

cubeness for Yarn 1 was greater than the similarity of cubeness for Yarn 2 and Yarn 

3. A reasonable reason for these results was that the difference in the transport 

properties of two different scales increased with time and distance away from PE. 
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Table 4 Comparison of compactness between YS and FS over time. 

Scale YS FS 

Domain Yarn 1 Yarn 2 Yarn 3 Yarn 1 Yarn 2 Yarn 3 

Time zC  

0 s 0.1549 0.1549 0.1549 0.1549 0.1549 0.1549 

900 s 0.1533 0.1547 0.1548 0.1526 0.1543 0.1545 

1800 s 0.1534 0.1531 0.1538 0.1525 0.1534 0.1541 

2700 s 0.1432 0.1503 0.1518 0.1443 0.1527 0.1544 

3600 s 0.1349 0.1406 0.1495 0.1435 0.1484 0.1543 

 

 

Table 5 Comparison of cubeness between YS and FS over time. 

Scale YS FS 

Domain Yarn 1 Yarn 2 Yarn 3 Yarn 1 Yarn 2 Yarn 3 

Time MC  

0 s 0.1241 0.1241 0.1241 0.1241 0.1241 0.1241 

900 s 0.1562 0.1447 0.1427 0.1573 0.1458 0.1436 

1800 s 0.2188 0.1746 0.1637 0.2182 0.1787 0.1680 

2700 s 0.2619 0.2132 0.1771 0.2636 0.2231 0.1868 

3600 s 0.1587 0.2430 0.1849 0.1606 0.2737 0.2005 

 

 



 

 ２８

3.3.2. Mechanical comparison 

To compare the mechanical similarity between YS and FS, we used the volume-

averaged method. This method is given by: 

 
1

i

i i i
i V

dV
V

e eá ñ = ò  (36) 

 

where ieá ñ  is the volume-averaged strain of a specific phase, iV  is the total volume 

of a specific phase, and ie  is the strain of a specific phase. The volume-averaged 

strain of two-phase composites about yarn is related by: 

 s s l lf fe e eá ñ = á ñ + á ñ  (37) 

 

where eá ñ   is the volume-averaged strain of yarn, seá ñ   is the volume-averaged 

strain of carbon fiber filaments, and leá ñ  is the volume-averaged strain of SE. The 

result of the above method can be computed using the “volume average” function 

built in COMSOL Multiphysics 5.6 [37]. However, the “volume average” function 

was not available because the simulation models were 2D. To solve this, since the 

2D models were infinitely long in the z-direction, it could be substituted by the 

“surface average” function. 

Figure 7 shows the comparison of volume-averaged volumetric strain via the 

“surface average” function. The similarity of volumetric strains in YS and FS was 

good until 1800 s and decreased over time. Since the volumetric strain was governed 

by the Li concentration, the similarity of volumetric strain had a similar tendency to 

the results of comparing the Li concentration shape through compactness and 

cubeness. Furthermore, the difference in volumetric strain was larger than the 

difference in compactness and cubeness because the strain field inside the carbon 
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fiber, which was affected by stress concentration by the adjacent carbon fiber 

filaments other than the Li concentration, was not considered in YS. 
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Figure 7 Comparison of volumetric strain between YS and FS over time via surface 
average function. 
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Chapter 4. Conclusion 

 
In this study, a coupled electrochemical-mechanical analysis of unidirectional 

SBCs using multiscale modeling to simulate large-scale SBCs was carried out. The 

multiscale of SBCs was developed into the YS model using porous electrode theory 

and Mori-Tanaka theory, and the FS model using visual modeling, respectively. The 

observations and findings through simulation results of two different scale models 

were summarized below: 

 

1. The electrochemical and mechanical behaviors of yarn electrode in YS 

could be adequately expressed with a relatively short computational time. 

2. The FS model showed detailed electrochemical and mechanical behaviors 

considering the contact effect of carbon fiber filaments. 

3. In terms of electrochemical and mechanical aspects, the similarity between 

the YS model and the FS model showed good agreement in limited time and 

distance. 

4. The mechanical similarity between the YS model and the FS model showed 

a similar tendency to the electrochemical similarity, but the mechanical 

similarity was lower than the electrochemical similarity because the strain 

field influenced by adjacent carbon fiber filaments was not considered in 

YS. 
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Appendix A. Stiffness matrix of yarn using Mori-Tanaka model 

Each yarn was regarded as a unidirectional composite consisting of isotropic SE 

(matrix) and aligned infinitely long carbon fiber filaments (inclusions) with 

transversely isotropic properties. To calculate the homogenized stiffness tensor of 

yarn, the Mori-Tanaka model was applied [38]. For the single-inclusion case, the 

volume-averaged strain of carbon fiber is linked with the volume-averaged strain of 

SE as follows: 

 s ij lTe eá ñ = á ñ  (A1) 

 

where ijT  is the strain concentration tensor. ijT  is expressed by: 

 1 1[ : ( : )]ij l sT I S C C I- -= + -  (A2) 

 

where I   is the identity tensor, S   is the Eshelby’s tensor that depends on the 

geometry of inclusion and the Poisson’s ration of matrix, lC  is the stiffness tensor 

of SE, sC   is the stiffness tensor of carbon fiber. In Voigt notation, S   for the 

infinite long fiber in z-direction is given by: [39] 
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With using S , the effective stiffness tensor of yarn is obtained by: 

 1[ : (1 ) ] :[ (1 ) ]Y
ijkl s s ij s l s ij sC f C T f C f T f I -= + - + -  (A10) 
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Korean abstract 
 

구조 배터리 복합재는 에너지 저장 및 외부 하중 지지체 역할을 할 수 

있는 다기능 복합재이다. 구조 배터리 복합재에 사용되는 기계적 물성이 

우수한 탄소 섬유 및 에폭시 기반 구조 전해질은 각각 전극 역할과 리튬 

이온을 수송한다. 대규모 구조 배터리 복합재의 효과적인 전기화학적 및 

기계적 거동을 예측하기 위해 단순화된 모델을 설정하는 것이 중요하다. 

여기에서, 우리는 대규모 구조 배터리 복합재의 최적 설계를 위해 다중 

규모 모델링을 이용한 전기화학적-기계적 연계 해석을 수행하였다. 전기

화학적 및 기계적 균질화 방법을 이용하여 원사 규모 모델을 구축하였다. 

동시에, 필라멘트 규모 모델은 균질화 방법 없이 시각적으로 모델링 되

었다. 그 후, 각 규모 모델별로 전기화학적 및 기계적 분석을 진행하였

고, 두 다른 규모 모델의 유사도를 비교하였다. 3차원 형상 기술자(조밀

함과 입방체)와 부피 평균 방법을 이용하여 원사 규모와 필라멘트 규모

의 유사성을 검증하였다. 이러한 결과는 다중 규모에서 구조 배터리 복

합재의 전기화학적 및 기계적 거동에 대한 이론적인 이해를 제공한다. 

 

 

핵심어: 구조 배터리 복합재, 전기화학적-기계적 연계 해석, 다중 규모 

모델링, 균질화 
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