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Abstract 
Self-actuating materials adapt their structure and functionality in response to external stimuli, presenting 
fascinating properties and diverse applications. Metal hydrides have garnered extensive attention as 
promising materials for hydrogen storage. Given the notable swelling observed during hydrogenation, 
composites incorporating flexible materials hold promise as candidates for soft actuators. In this study, 
COMSOL Multiphysics™ commercial code is employed to conduct a numerical simulation of the 
performance of soft sheet composite actuator utilizing LaNi5 within silicone rubber matrix. 
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Introduction 
In recent years, there has been a surge of interest in 
bio-mimicking self actuation materials and 
technologies, due to their interesting properties and 
potential applications . Additionally, many of these 
materials are environmentally benign. These 
materials, often classified as intelligent or smart 
materials, exhibit reversible alterations in 
functionality and structure in response to external 
stimuli. This unique characteristic enables them to 
serve as both sensors and actuators within a single 
entity [1]. 
 
Historically, metal hydrides have been recognized 
for their favorable charge-discharge attributes, 
including high volumetric storage capacity, rapid 
sorption kinetics, extended cyclic lifespan, and 
enhanced safety, making them popular as hydrogen 
storage media. Nevertheless, their potential as 
storage materials has been constrained by their 
limited gravimetric storage capacity. Notably, 
materials like LaNi5 undergo reversible volume 
changes during hydrogenation, with lattice 
expansion reaching nearly 25%. This phenomenon 
arises from the occupation of interstitial sites within 
the metallic matrix by hydrogen atoms. 
 
While numerous studies have explored the thermal 
performance of metal hydride-based solid-state 
devices [2], encompassing analyses of storage beds, 
few have delved into the mechanical actuation 
potential derived from the expansion and shrinkage 
of metal hydrides. Mellouli et al. [3] conducted a 
seminal experimental study, directly observing the 
volumetric changes of a LaNi5 granular bed in a 
transparent metal hydride reactor. Their findings 
underscore a significant shift in the specific volume 
of the granular bed throughout the charging-
discharging process. Yumiko et al. [4] delved into 
the swelling and shrinkage behaviors of LaNi5-based 
alloys, revealing that these phenomena are 

contingent on the width of the plateau region. 
Furthermore, Nachev et al. [5] employed dilatometry 
to measure the progressive swelling of ball-milled 
MgH2 compacted disks upon cyclic hydrogenation, 
demonstrating a cumulative displacement that 
stabilizes after 30 cycles. Briki et al. [6] conducted 
experimental studies on the expansion of LaNi5 
compacted powder during hydrogen charge-
discharge cycles, revealing that as long as 
hydrogenation remains fully reversible, expansion 
can be likewise reversible. However, this process is 
dependent on heat transfer as a major rate-limiting 
factor. 
 
Kagawa et al. [7] studied the response characteristics 
of copper-encapsulated metal hydride-based bending 
actuators, revealing the enhanced performance 
achieved with the addition of copper. Similarly, 
Nakai et al. [8] investigated the bending and rotation 
of a palladium-coated metal hydride-based actuator, 
observing improved displacement with minimal 
copper thickness. These studies emphasize the 
pivotal role of heat transfer in governing the 
response behavior of hydride-based actuation 
devices. Studies have also been carried out on 
hydrogen gas pressure driven actuators in flexible 
systems like artificial muscles [9-11]. Y. Nishi et al. 
[12] studied the performance of a soft bimorph 
actuator comprising of two rubber sheets, one 
dispersed with LaNi3Co2 powder. The strains 
induced upon hydrogenation was found to be 
significant.  
 
The metal hydride based soft composites can 
undergo  interesting deformation  upon 
hydrogenation. This study undertakes numerical 
simulations of the deformation characteristics of 
LaNi5-Silicone rubber composite upon 
hydrogenation. These simulations are conducted 
using the COMSOL Multiphysics™ commercial 
code. 
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Physical Model 
Figure 1 shows the schematic of metal hydride based 
composite actuator with LaNi5 as the hydrogenation 
alloy. The actuating element is an overlapping 
layered composite in which LaNi5 powder embedded 
with Silicone Rubber in alternate layers. The 
actuator is divided into six sections where the layers 
of metal hydride and rubber are placed alternatively, 
one layer on top and the other at the bottom, adjacent 
to each other. Hydrogen is supplied through the 
arteries given inside the composite. The actuating 
element is encapsulated in the given housing through 
which coolant is circulated at the given temperature. 
 
Once hydrogen is inducted to the actuator element at 
the given pressure, the reaction commences and gas 
is absorbed by the alloy. This leads to swelling of the 
alloy particles  which leads to the distortion of the 
actuating member. However, the peculiar 
arrangement causes the deformation of each section 
to be opposite, with respect to the adjacent section. 
This causes the actuator to develop a wavy 
deformation.  
 

 
Fig. 1 Schematic of metal hydride based composite 
actuator 

Governing Equations 

Mass balance of metal 

Mass balance of hydride is given by the following 
equation. 
 

(1 − 𝜙) = �̇�                                           ̇ (1) 

 
 �̇� stands for the rate of hydrogen absorbed. 

Sorption kinetics 

For hydriding/dehydriding, rate of hydrogen 
entering/leaving the alloy is given by the following 
eqns. [13]. 
 

�̇� =  𝐶 exp − ln (𝜌 −  𝜌 )   (2) 

 

�̇� =  𝐶 exp −  ( )(𝜌 − 𝜌 )     (3) 

 
where Ca and Cd are the rate constants for hydrogen 
absorption and desorption respectively.  
 

Equilibrium pressure (Peq ) is determined using 
van’t Hoff equation as given below 
 

ln 𝑃 = 𝐴 −                                       (4) 

Energy balance 

Heat conduction in the hydriding alloy is given by 
the general heat diffusion equation as given below.  
 

𝜌𝐶 = 𝜆  + 𝜆 +

𝜆 + �̇�Δ𝐻                                                       (5) 

 
Effective heat capacity of the porous composite can 
be determined as follows.  
 

𝜌𝐶 = 𝜙𝜌 𝐶 +  (1 − 𝜙)𝜌 𝐶          (6) 

 
The effective thermal conductivity of the composite 
can be determined by the following equation. 
 

𝑘 = 𝜙𝑘 +  (1 − 𝜙)𝑘               (7) 
 
Stress-strain equations 

The wall stresses on the actuator element can be due 
to combined volumetric and thermal expansion of 
hydride and is found to be linear with temperature 
[14]. This is represented by the following eqn. [15] 

𝛼 = 𝛼 1 + 𝛼Δ𝑇 +
.

1 −
 

    (8) 

 
where ‘α ‘designates the coefficient of thermal 
expansion. 
 
The effective elastic modulus of the porous hydride 
bed can be computed as given below [16]. 

𝑌 = 𝑌 1 −                            (9) 

where Y0 is the elastic modulus of non-porous 
material. ϕ and ϕcr are the actual and critical 
porosities respectively. ‘p’ is a material specific 
exponent. 
  
The total stress developed is due to the volumetric 
expansion of hydride, thermal expansion and gas 
pressure. This can be computed by the equilibrium 
equations, strain-displacement relations and 
constitutive equations. Ramberg-Osgood model [17] 
represents the non linear characteristic of the 
material in the plastic regime.  

𝜖 = + 0.002
.

                          (10) 

where 

𝑛 =
.

.

                                        (11) 

σ0.2 is the 0.2% proof stress and n denotes the strain 
hardening exponent.  
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Initial and boundary conditions 

The initial conditions of hydride: 
 

𝜌 =  𝜌 ; 𝑝 = 𝑝 ; 𝑇 = 𝑇   𝑎𝑡 𝑡 = 0   (12) 
The convective heat transfer at the outside surface 
of actuator element is given below. 

−𝑘 ∇𝑇 = 𝑈 𝑇 − 𝑇            (13) 
 

For the inner artery supplying the gas, boundary 
conditions are applied as follows. 
 

𝑃 = 𝑃 ; = 0                        (14) 

 
Simulation Methodology 

Numerical simulations of actuator 
deformation during hydrogen absorption/desorption 
are performed with COMSOL Multiphysics® 
commercial software. Heat transfer, chemical 
species and structural mechanics modules with 
suitable multi-physics coupling were used to 
implement the given mathematical model. Initial and 
boundary conditions are applied as per the given 
formulation. Meshing is done with tetrahedral 
elements of given element size. The economic size 
of the mesh is determined by grid independence 
study. Time dependent iterative solver is used for 
solution of the problem. The results are plotted using 
the post processing capabilities of the software.  

Results and Discussion 

LaNi5 is chosen as the hydriding alloy due to its high 
sorption rates, good hydrogen storage capacity, low 
plateau slope and low hysteresis. Hydrogen sorption 
is limited by heat transfer in most applications.  
 
Table 1: Thermophysical properties of LaNi5 [18] and 
silicone rubber used in simulation  

Properties LaNi5 Silicone 
Rubber 

Density (kg m ) 8200 2300 
Specific heat(Jkg K ) 419 1300 
Thermal conductivity 
(Wm K ) 

30 2.5 

Activation energy 
(abs),E (J mol ) 

21170  

Activation energy 
(des),E (J mol ) 

16420  

Constants in reaction 
kinetics equation 

C , s  
               A 
               B 

 
 

59.187 
12.99 

3704.59 

 

Modulus of elasticity, E 
(GPa) 

140 0.05 

Poisson’s ratio, 𝜈 0.31 0.49 
Coefficient of thermal 
expansion, α (K-1) 

1.23e-5 3e-4 

The physical properties of LaNi5 and silicon rubber 
are given in Table 1. Simulations are performed for 
the given device during absorption and desorption. 
 

Temperature (a) Concentration (b) 

 
 

30 s 

 
 

60 s 

 
 

90 s 

  
120 s 

Fig. 2: Spatial variation of temperature and 
concentration of actuator element at different time 
intervals during hydrogenation 
 
Figure 2a shows the spatial variation of temperature 
at different time intervals during hydrogenation. 
Temperature at the regions close to the interfaces are 
lower due to higher rate of heat conduction.  
Temperature increases rapidly during the initial 
stages due to high rate of hydrogen absorption. 
However this decreases later due to lower 
hydrogenation rates as most regions are saturated 
and reaction stops.  
 
Figure 2b shows the corresponding variation of 
hydrogen concentration at different time intervals. 
Concentration near the interfaces is higher compared 
to the rest of the device. This is attributed to the 
correspondingly lower temperature in those regions. 
Low temperature causes higher differential between 
gas pressure and equilibrium pressure leading to 
higher rates of reaction. Concentration also increases 
with time till saturation. This leads to higher 
deformation of the actuator element. 
 
Figure 3a shows spatial variation of temperature at 
different time intervals during desorption. Higher 
rate of heat conduction from silicon rubber to metal 
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hydride is observed at the interfaces. This leads to 
higher temperature in those regions which leads to 
lower hydride concentration in those regions as 
shown in Fig. 3b. As time elapses, hydride 
concentration decreases due to desorption which 
causes the actuator element to retain its original 
shape. 
 

Temperature (a) Concentration (b) 

 

 
40 s 

 
 

80 s 

 
 

120 s 

 

 
160 s 

Fig. 3: Spatial variation of temperature and 
concentration of actuator element at different time 
intervals during dehydrogenation 
 
 

 
Fig. 4: Variation of actuator displacement along its length 
during hydrogenation 
 
Figure 4 shows the variation of actuator 
displacement along its length. The sheet exhibit a 

wavy deformation due to the intricate placement of 
the metal hydride. While the sections where metal 
hydride is provided as top layer exhibit a convex 
bend, the sections with bottom layer of the alloy 
deforms in the opposite direction. This is due to the 
differential expansion of the two materials. Upon 
hydrogenation, as time elapses, the differential 
expansion increses due to higher volumetric 
swelling. Higher deformation is also observed at the 
free ends. 

Conclusions 
Numerical simulations are performed for the 
hydrogenation and dehydrogenation of metal 
hydride based composite actuator. Based n the 
results, it is found that the distinctive arrangement of 
the storage alloy within the silicone rubber matrix 
induces a characteristic wavy deformation. Charge-
discharge cycles can generate pulsations within the 
device which can be promising for numerous 
applications. As heat transfer is the major controlling 
factor affecting hydrogenation in metal hydrides, the 
response characteristics of these devices can be 
improved by heat transfer enhancement. 
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