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Abstract

A thermally driven hydrogen powered actuator integrating metal hydride hydrogen storage
reactor, which is compact, noiseless, and able to generate smooth actuation, is presented in this
article. To test the plausibility of a thermally driven actuator, a conventional piston type actuator
was integrated with LaNis based hydrogen storage system. Copper encapsulation followed by
compaction of particles into pellets, were adopted to improve overall thermal conductivity of the
reactor. The operation of the actuator was thoroughly investigated for an array of operating
temperature ranges. Temperature swing of the hydride reactor triggering smooth and noiseless
actuation over several operating temperature ranges were monitored for quantification of actuator
efficiency. Overall, the actuator generated smooth and consistent strokes during repeated cycles
of operation. The efficiency of the actuator was found to be as high as 13.36% for operating a
temperature range of 20 °C-50 °C. Stress—strain characteristics, actuation hysteresis etc were
studied experimentally. Comparison of stress—strain characteristics of the proposed actuator with
traditional actuators, artificial muscles and so on was made. The study suggests that design
modification and use of high pressure hydride may enhance the performance and broaden the

application horizon of the proposed actuator in future.
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(Some figures may appear in colour only in the online journal)

Introduction

Since the discovery of hydrogen absorbing alloys, numerous
engineering applications using those materials have been
proposed [1]. Metal hydride based systems such as thermally
driven metal hydride compressors [2-5], heat pumps [6],
refrigerators and air conditioning systems [7, 8], heat trans-
formers [9, 10] etc have been proposed and reported in sci-
entific communications. The material has also been
implemented in purifying hydrogen [11] in the semiconductor
industry where high purity hydrogen is needed for certain
cleanroom processes. Hydrogen powered Ni-MH batteries
have already found their place in consumer electronics
applications and are commercially available in retail outlets.
Fuel cells [12, 13] using metal hydride to store hydrogen are
also in use in commercial forklifts because of the high storage
capacity that the solid state hydrogen storage offers, and
enables compact, efficient, yet powerful cell design.

0964-1726/16,/045004+10$33.00

Hydrogen can be stored and extracted reversibly to and
from metal hydride through the removal of heat for absorption
and the supply of heat for desorption. The exothermic
absorption and endothermic desorption processes can be
described by equation (1) where M, H and AH represent
metal, hydrogen and enthalpy of the reaction respectively.
The enthalpy change during the process permits a number of
applications as mentioned earlier. Moreover, the process is
reversible with negligible hysteresis for most of the materials
that are of design interest for engineering systems and devices

M + H, <> MH + AH. (1)

The traditional hydrogen storage process comprises
storing hydrogen in pressurized tanks or cryogenically stored
liquid hydrogen in metal tanks. Storing hydrogen in inter-
stitial sites of metal hydrides ensures safe storage of the gas at
a density greater than the storage densities achieved by

© 2016 IOP Publishing Ltd  Printed in the UK


mailto:kwang.kim@unlv.edu
http://dx.doi.org/10.1088/0964-1726/25/4/045004
http://crossmark.crossref.org/dialog/?doi=10.1088/0964-1726/25/4/045004&domain=pdf&date_stamp=2016-03-14
http://crossmark.crossref.org/dialog/?doi=10.1088/0964-1726/25/4/045004&domain=pdf&date_stamp=2016-03-14

Smart Mater. Struct. 25 (2016) 045004

M M H Bhuiya and K J Kim

F 1G

s B | A
| =i —| 1] l || s b I_T

Figure 1. Schematic diagram of hydrogen powered actuator: (A) H,
reactor (B) hydrogen filter (C) gate valve (D) pressure gauge (E)
piston type actuator (F) spring loaded actuation rod (G) mount/
hinge.

conventional methods [14-16]. Compact storage volume with
an ultra high density of hydrogen and noise, friction and
vibrationless operation using a metal hydride have opened
doors for its application in robotics and industrial automation.
A hydrogen powered actuator made of cylinder with metal
bellows [17] as a functional part has been investigated.
Copper plated hydrogen absorbing LaNis was used for sto-
rage of hydrogen, which was reversibly heated and cooled by
Peltier element in that study. A special type of metal hydride
has been used for storage and supply of hydrogen to power a
similar type of actuator [18]. Both studies focused on the
performance of the actuator using different temperatures,
pressures and external loads. Hydrogen powered braided
artificial pneumatic muscle [19] has been investigated for
compact, noiseless and smooth operation. This actuator
claimed to have very high second law efficiency as well as
very high force to weight ratio. A biomimetic Mckibben
actuator combined with a metal hydride has been reported
[20] with a comprehensive simulation strategy for actuation
purposes. It is evident from these studies that the coupling of
an actuator with a metal hydride offers compactness, high
force to mass ratios and noiseless soft actuation similar to
biological muscles. A solar or surplus heat driven metal
hydride integrated actuator [21] has been investigated with
findings supporting the operation of the actuator without any
energy consumption from sources such as electricity or fossil
fuels. The concept of a metal hydride integrated actuator has
been getting considerable attention because of its biomime-
ticity, compact design, and high force to weight ratio, and
environmentally benign frictionless operation.

In this study, the construction, operation, performance
and efficiency of a spring loaded piston type actuator is
presented. Hydrogen stored in LaNis storage material is
reversibly desorbed and reabsorbed into the material due to
temperature swing, which is the driving source for actuation.
The concept of the actuator is shown in figure 1. The rudi-
mentary elements of the assembly comprises of a metal
hydride hydrogen storage reactor, hydrogen gas filter, gate
valve, pressure transducer and an actuator with spring
mounted actuation rod. A resistive heating element can be

used to supply the heat of reaction to the metal hydride
throughout the desorption cycle. The equilibrium pressure of
the metal hydride, however, is a temperature dependent
property and it increases with the increases in temperature.
Desorbed gas pressurizes the gas compartment of the actuator
and causes motion in the actuation rod. The reactor can
subsequently be cooled allowing reabsorption of the gas in
the storage material inside the reactor. As the gas is reab-
sorbed, depressurization of the actuator causes the actuation
rod to retract. The reabsorption process is assisted by the
spring force at the end of the cycle. Hence, the operation of
the system comprises of controlling the reactor temperature
only. This cycle can be repeated for any number of cycles
since hydride materials are generally highly reversible. An
elaboration of such actuator’s operating procedure, perfor-
mance and efficiency quantification is discussed throughout
this paper.

Experimental set-up

Reactor design

The reactor houses the hydride materials that absorb and
desorb hydrogen reversibly to drive the system. Thermal
conductivity of the storage material plays an important role in
the hydrogen storage process since the reversible reaction is
regulated mainly by removal and application of thermal
energy. Thermal conductivity of the storage material can be
improved by copper coating the raw materials prior com-
paction, which was proved [22] effective since copper has
high thermal conductivity. Among other techniques, com-
paction of the storage material in an aluminum matrix [23]
using a high pressure sintering process has been reported to
be highly effective in increasing thermal conductivity of
LaNis storage material. In this study, LaNis particles are
coated with copper and subsequently compacted into
cylindrical pellets using a press and die in a thermal press.
Uniaxial press-force was applied at room temperature.

The copper coating treatment began with a solution
containing 500 ml distilled water, 11.67 g of copper sulfate
(CuS0,), and 2 ml of sulfuric acid (H,SO,). This solution
was mixed thoroughly at room temperature until the copper
sulfate powders had completely dissolved. 10 g of LaNis was
added and stirred vigorously for about 40 s. After mixing, the
copper coated powders were removed and rinsed twice with
ethyl alcohol (95%) and distilled water. The powders were
then filtered and allowed to dry overnight at room temper-
ature. At the end of the process the particles were mostly
encapsulated with copper. The original dark green particles,
as shown in figure 2(a), turned into tan copper coated particles
as shown in figure 2(b). A thin layer of copper can be
observed from SEM images shown in figure 2(c). The
thickness of the layer is 1-2 pum, approximately.

Compacted pellets are prepared by compressing copper
encapsulated particles in a stainless steel die as shown in
figure 3(a). After the compaction the particles are tightly
packed into cylindrical hollow pellets as shown in figure 3(b)



Smart Mater. Struct. 25 (2016) 045004

M M H Bhuiya and K J Kim

APL/UNLV 15 kV x1.0k

c)

Figure 2. Uncoated (A) and copper coated (B) LaNis hydrogen
storage material.
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Figure 3. (A) Die, (B) compacted LaNis pellets, and (C) reactor
containing pellets.

the hollow channel in the center facilitates the flow of
hydrogen with negligible flow resistance during the sorption
process. Finally, these pellets are placed inside a cylindrical
reactor, as shown in figure 3(c), with a circular aluminum
screen inserted through the core. The screen ensures that the
hollow channel remains uninterrupted after repeated cycles of
operation. Each pellet contains about 5 g of copper coated
LaNis along with 0.5 g of tin (Sn) binder. A mixture of these
two components is compressed at 2 500 psig. This pressure
was optimized [22] for maximizing thermal conductivity with
a reasonable amount of void content to ensure gas flow with
negligible resistance. The pellets are then activated by cyclic
pressurization and vacuum exposure for induced hydrogen
absorption and desorption respectively. This activation

Figure 4. Experimental setup showing (A) reactor, (B) percentage
controller, (C) filter, (D) and (E) gate valves, (F) pressure transducer,
(G) piston—cylinder actuator, (H) spring loaded actuation rod, (I)
LVDT, (J) signal conditioner, (K) DC power supply, (L) data
acquisition.

process is repeated until the reactor temperature history
(temperature versus time) show similar patterns during repe-
ated cycles.

Actuator setup

The overall experimental setup is shown in figure 4. The setup
has three major components: a hydrogen storage reactor
covered with heating element, a gas filter (Swagelok, inline
particulate filter, 0.5 Micron Pore Size) that blocks dust or any
powdered material generated from the storage particle, and a
piston-type actuator whose actuation rod is loaded with a
spring. The hydrogen storage reactor (A) contains LaNis
pellets and is covered with flexible heater that supplies heat to
the reactor during desorption process. A percentage controller
(B) attached to the heating element regulates power supply to
the heater. The reactor surface temperature is monitored using
a J type thermo-couple attached to the surface of the reactor.
When the power is turned ON, the temperature of the reactor
rises to a predetermined level. Once that temperature is
reached the switch is turned off and the reactor is allowed to
cool by means of natural convection. When the temperature
of the reactor rises, desorbed hydrogen flows through the gas
filter (C) to the cylindrical actuator (G). The gate valves (D)
and (E) are considered in the design to regulate hydrogen flow
during loading of the reactor. Valve (E) isolates the actuator
portion from the gas reservoir tank and eliminates the possi-
bility of exposing the actuator to a pressure level that exceeds
the pressure rating (250 psi) of the actuator. The pressure
during the operation is monitored using a pressure transducer
(F) with a maximum pressure rating of 300 psi. When des-
orbed hydrogen in the cylinder (G) creates necessary pressure
to move the piston, the actuation rod (H) starts to move for-
ward. The motion of the actuator rod is resisted by the spring
which simplifies the quantification of force generated during
actuation and substitutes the application of load on the
actuation rod. The displacement generated in the actuator is
recorded using LVDT (I) whose output remains linear for a
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Figure 5. Reactor operating temperature ranges.

total stroke length of approximately 28 mm, which is also the
stroke length of the actuator. Voltage output of the dis-
placement transducer is processed using a digital signal
conditioner (J). The DC power supply (K) is used to supply
power to the pressure transducer. All the signals from a
thermocouple, pressure transducer and a displacement trans-
ducer (LVDT) are acquired using a Personal DAQS56 (L)
manufactured by IOtech.

Actuation experiments

The actuator was designed to operate by controlling the
reactor temperature only. Five different operating temperature
ranges were applied throughout the study and are shown in
figure 5. While the heater is on, the temperature of the reactor
gradually increases. The power supply shuts off after the
upper limit of the operating range is reached. Cooling of the
reactor was simply a natural convection process.

As the reactor temperature increases hydrogen desorbs
and flows into the actuator causing a builds up of pressure
inside the cylinder. Figure 6(a) shows the variation of system
pressure with the changing operating temperature that is
maintained at the reactor wall. At the end of the heating cycle,
natural convective cooling continues while the spring presses
the hydrogen back into the lattice of LaNis. The strokes
generated by the actuator, during pressurization and depres-
surization, was measured using a displacement transducer.
Since the increase in system pressure is smooth with
increasing reactor temperature, displacement was observed to
be smooth during the forward strokes for all five operating
ranges shown in figure 6(b). The irregularity in system
pressure also translates to the irregular displacement during
the return/cooling cycle.

Periodic operation

The performance of such actuator was also investigated for
periodic operation and found to be smooth and consistent.
Figure 7 shows repeated forward and reverse strokes gener-
ated in the actuator for a temperature range of approximately
25 °C—40 °C. The power supply controller was turned on and
off periodically. While the power is on, temperature rises
gradually and so does the pressure of the system. Displace-
ment generated in the actuation rod follows the pressure curve
with a flat peak (due to frictional resistance) during the onset
of stroke reversal. Overall the actuation was observed to be
smooth even for repeated cycles with respect to cycle time.

Efficiency and performance

Actuator efficiency

The proposed metal hydride integrated actuator is operated
solely by a temperature swing. While the reactor is heated,
desorbed hydrogen causes displacement in the actuation rod.
At the end of the cycle, when the heat supply to the reactor
shuts off, the spring mounted on the actuation rod pushes the
gas back into the reactor. Hence, over a complete cycle of
desorption and re-absorption of hydrogen into the metal
hydride reactor, work done by the system can be estimated by
accounting for the displacement work of the actuation rod and
spring energy over a complete cycle. The input to the system
is primarily heat. A part of the heat input is lost through the
insulation while the other part is the source of enthalpy of
desorption reaction. Thus, the efficiency of the actuator can be
formulated using equation (2) through (7). The equations
formulates displacement work (W) and spring work (W) of
the actuator as system outputs; and reaction enthalpy (Qreac)
and heat loss (Qjoss) as system inputs. The ratio of output to
input quantifies the efficiency of the system as shown in
equation (2)

Wi + W,

= ———---—-—-- 2
7 Qreac + Qloss ( )

The work done by the system has two parts: mechanical
work by displacement of the actuation rod and compression
work done by the spring (spring energy) that causes reab-
sorption of hydrogen gas into the hydride at the end of
the desorption process. Work done by the actuator during the
desorption cycle was calculated using the pressure and
volume change during the actuation process using the mod-
ified state equation shown in equation (3). Here, pressure (p)
and volume (V) are both experimentally obtained time
dependent parameters as shown in figure 8. So, the state
equation was modified to account for the time dependent
pressure and volume data for quantifying the displacement
work (W) done by the actuator as shown in the equation (3).
The end of the heating/desorption cycle demarcates the
beginning of the absorption cycle. The stored spring energy is
then applied on the previously desorbed hydrogen gas in the
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system, which compresses it back into the storage martial by
an exothermic reaction. Equation (4) quantifies the com-
pression work (W,,) performed on the hydrogen to assist in
re-absorption into the storage material. The spring constant,

K, was specified by the manufacturer, which is 31 (Ibinch™")
or 543 (N mmfl), and the displacement x was obtained
experimentally. During the return stroke a small portion of the
spring energy is also spent to overcome the friction. The lost
energy over a complete cycle is the system hysteresis, which
is the difference between displacement work (W) and spring
work (W)

state 1 t1
W= [ pav = [T 3)
state 0 t0 dr
Wy = %kx% @)

The input to the actuator can be quantified by identifying
the two parameters namely, heat of reaction (Q,) and heat lost
(QO1oss) to the ambient. The heat of the reaction can be quan-
tified by calculating the amount of hydrogen desorbed in
moles, using gas law, and multiplying that by the reaction
enthalpy (AH = —1.539 x 10’ Jkg™'H, [24]) as shown in
equation (5). Where, P, V, Z (1.008), R and T are pressure,
volume, compressibility factor, gas constant and temperature
respectively; subscript O and 1 represents the initial and final
states of the process

. AHPIVl — POVO.

Qr = ZRT

&)

The fraction of the heat input that is lost in the atmos-
phere through the insulation can be quantified using
equation (6). The ambient temperature (7,) is constant and the
inner surface temperature (7;) of the industrial pipe insulation
was recorded using thermocouple throughout the cycles
during the experiments. The overall thermal circuit is shown
in figure 9. To calculate the thermal conductance term (UA),
equation (7) was employed. The details on the parameters
used in calculating heat loss are listed in table 1

Qloss = UA(’E - T), (6)
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Figure 9. Thermal circuit diagram for heat loss estimation.

Table 1. Parameters used in the heat loss calculation.

Parameter Value  Unit

Length of the reactor, L 0.178 (m)

Outer to Inner radius ration, r/r; 2.143  (—)

Outer radius of the insulation, r, 0.024 (m)

Conductivity of polyethylene foam 0.25 (Wm™'K™")
insulation, kj,q

Natural convection heat transfer coeffi- 5 (Wm™'K™)

cient, A,

Table 2. Efficiency and uncertainty using Monte Carlo method.

Operating temperature ~ Efficiency (%) Relative uncertainty (%)

20 °C-60 °C 12.01 247
20 °C-50 °C 13.36 2.47
20°C-40°C 12.49 2.54
20 °C-30°C 10.20 3.02
20°C-25°C 9.84 3.79
1 1 tn (r_) 1
7
— ==+ @
UA 2L kinsl rohrm

In reporting experimental results, error and uncertainty
play a vital role in determining the reliability of the results. A
number of experimentally obtained inputs were used in the
efficiency model, which were subjected to inaccuracies due to
the inaccuracies associated with the measuring probes pre-
scribed by the manufacturers. Using the model equations
described, the efficiency and associated relative uncertainty
was calculated using the Monte Carlo method summarized in
the appendix. The actuator operates at the highest efficiency
level of 13.36% while the operating temperature is set at
20°C-50°C. The summary of the operating temperature
ranges, efficiencies, and associated uncertainties are tabulated
in table 2.

Performance analysis

The hysteresis of the actuator as a fraction of total system
output is shown in figure 10(a). Even though the actuator
shows very low hysteresis at a lower operating temperature
range, such as 20°C-25°C, it increases with increased

operating temperature. The maximum hysteresis was
observed at 20 °C—40 °C, which gradually decreases to about
6% at the higher temperature range. Nevertheless, the actuator
performs efficiently for ranges within 40 °C, 50 °C or 60 °C,
which the hysteresis is within 6%—8% of the output of the
system.

One important aspect of the actuator is its ability to
generate strain with the applied stress. For a piston—cylinder
type actuator, the actuator’s strain is defined as the ratio of
displacement generated by the actuation rod to the maximum
possible displacement attainable by the actuator. The actua-
tor’s stress of the actuator is the pressure inside the cylinder
that is causing the displacement. Figure 10(b) shows the
stress—strain characteristics of the actuator at different temp-
erature ranges. The overall stress—strain characteristics is
nearly linear, which is highly desirable from a practical point
of view as linear actuators should need simpler control
schemes for automation.

The bar graphs in figure 11(a) show the overall efficiency
of the system for each operating temperate range. The system
is less efficient while operating at low temperature ranges due
to a relatively higher percentage of heat loss and a lower
percentage of useful work output. At a temperature range of
20°C-50°C, this system operates most efficiently while
attaining the maximum relative percentage of displacement
work done by the system with minimum relative amount of
heat loss. The system performs best at 20 °C-50 °C with a
maximum displacement of 20 mm. At the highest temperature
range of 20 °C-60 °C, a larger portion of the input energy is
spent for desorbing more hydrogen from the storage that
generates increased system pressure. But at this point, the
maximum limit of the stroke is reached and thus a lower
relative percentage of displacement work is done. This leads
to a reduction in overall system efficiency. The efficiency of
the metal hydride actuator was found to be in the range of
approximately 9%-14% with relative uncertainty of about
2.4%-3.8% using the Monte Carlo experiment. Figure 11(b)
shows the efficiency of the system as a function of the
maximum displacement and strain attainable at corresponding
temperature ranges. The actuator performs most efficiently
around a maximum temperature of 50°C, generating
approximately 0.7 strain.

Performance comparison

The actuator under investigation is compared with a wide
range of actuators from previous studies [25], shown in
figure 12, in terms of system stress and strain. The stress for
this system is defined as the pressure generated inside the
system during desorption of hydrogen. The strain for the
current system is defined as the ratio of displacement gener-
ated by the system to the maximum possible linear stroke
generated by the actuator. Since the system operating temp-
erature range can be varied, the performance region may
actually vary in accordance with the applied operating
temperature. In the figure the white rectangular area repre-
sents the operating temperature range of 25°C—40°C.
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Figure 11. (a) Actuator efficiency, and (b) efficiency versus maximum displacement and strain at various operating temperatures.

Increasing the upper limit of the operating range dramatically
increases the application region in the map shown. The pat-
terned rectangular area represents the entire operating region
when 20 °C-60 °C operating temperature is applied to the
current system. It is evident that the system proposed can
mimic biological muscle in terms of stress and strain gener-
ated in the system by regulating temperature. Nevertheless,
the application region of this system is not necessarily limited
by the area shown in the graph. Based on the requirement and
by eliminating unnecessary volume in the system, application
stress region can be extended as high as the region covered by
hydraulic actuators. High pressure hydrides such as
Cap.sMmy 4Nis can be used to store hydrogen for the actuator.
The stress produced by the system can exceed the current
version of the actuator that uses LaNis. Actuator stress can be
as high as 24 MPa [26] if such high pressure hydride is used.
Also, the displacement generated in this system is not limited
by the stretching or bending limits of materials, which is the

case for most other actuators in focus. Hence, the actuator
presented can be more reliable and economic from the per-
spective of longer term operation. Like any other mechanical
system, this may need some periodic maintenance which can
obviously be offset by the lower initial cost and consistent
performance.

Discussion

During repeated cycles of operation, the metallic particles
inside the reactor tend to decrepitate into powder that has
significantly lower thermal conductivity. It eventually reduces
the heat conduction, response time and hence the efficiency of
the system. Improving thermal conductivity of the storage
material can play the key role in improving the system’s
response and consequently reduce the energy requirement for
driving the cycles of operation. Compaction of copper coated
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Figure 12. Various actuators [19, 25] versus metal hydride actuator
under investigation.

particles into pellets also enhance thermal conductivity of the
compacts by improving physical contact and eliminating void
spaces. It also helped minimize dust formation after repeated
cycles of hydrogen sorption.

Activation of the pellets is a critical step that ensures
consistency in the reversibility of the system. During activa-
tion, hydrogen atoms are forced to become a part of the LaNis
lattice as they get pressurized and subsequently they are
forced to leave the lattice by the application of a vacuum.
After several cycles of this process, the material can absorb
and desorb hydrogen at a comparatively lower supply pres-
sure and moderate desorption temperature. Activation is
essential as it helps build an oxygen free pulverized hydrogen
storage material column with reduced hysteresis and a con-
sistent thermal response during the reaction.

Desorption pressure rise in the actuator, with the
increasing reactor temperature, is smooth with negligible
fluctuations. Return stroke, on the other hand, occurs while
natural convective cooling of the reactor takes place. During
this stroke hydrogen gets re-absorbed into the storage material
and is dominated by three factors: temperature, spring force
and friction between piston and cylinder. The heat of the
reaction during return stroke needs to be removed in order to
ensure smooth actuation and re-absorption of hydrogen into
the storage system. Since the cooling cycle during this stroke
is not regulated with a chiller or any temperature control
system, the fluctuations become obvious, especially for high
temperature ranges. The combined effect of natural cooling,
spring force and the friction between the piston and the
cylinder potentially cause the pressure fluctuation in the
system during the re-absorption process. The disturbance,
however, is less noticeable at lower temperature ranges
within 40 °C.

At the maximum displacements for all operating temp-
erature ranges, a brief plateau occurred till the spring force
outweighed the net force originating from friction and pres-
sure inside the system. The actuator hysteresis, as seen during

the strokes, might be rooted into the friction associated with
the piston and the cylinder and the hysteresis that exists
within the material’s hydrogen sorption process.

For a hydrogen storage vessel, permeation of hydrogen
through the vessel wall is an extremely slow process.
Hydrogen permeation through the reactor wall can be
described using the experimentally determined hydrogen
permeation coefficient for 304 steel [27]. Using the technique
of pressure modulation, Grant et al proposed that the micro-
scopic flow through 304 steel can be described by the cor-
relation shown in equation (8)

3
Po= (48 + 02) x 107exp{—(7.99 + 0.04) x %}

®)

Here, P,, is the permeation coefficient with the units of

( mol ) and T is the temperature in Kelvin. Assuming that
s.m.+/Pa

reactor pressure and temperature remain constant at 50 psi and
60 C respectively, an estimated duration until complete
evacuation of gas can be estimated. Calculations show that at
such hypothetical constant pressure and temperature condi-
tions, it would take at least 2.64 x 10'*h for hydrogen to
escape through the 1.8 mm reactor wall by means of
permeation only. Hence, leakage of hydrogen through the
fittings should be the prime concern for the proposed concept.

Conclusions

The study presented in this paper demonstrates the feasibility
of a metal hydride embedded actuator which can practically
be implemented in automation, robotics etc. Since hydrogen
storage and the extraction process are dominated by thermal
energy extraction and supply respectively, Copper encapsu-
lation and further compaction of the particles into pellets are
adopted for preparing hydrogen storage reactor. Combination
of the two thermal conductivity enhancement processes
should greatly reduce the energy consumption to drive the
system. Such efficient and compact power source is integrated
in a spring loaded piston—cylinder actuator to generate force/
displacement for cyclic operation. Different ranges of oper-
ating temperature are applied to carry out the investigation for
which the limiting temperature is deduced from the thermal
response of the storage system during the loading of hydro-
gen. The temperature controlled operation process shows
mostly steady pressure and a displacement response during
the forward stroke with respect to time. During return stroke
the reduction of system pressure and displacement is observed
to have fluctuations when the change is observed with respect
to temperature. But when the actuation process as well as
system variables like pressure and displacement are observed
with respect to time, the hydrogen powered actuator generated
steady and smooth actuation even for repeated cycles. The
efficiency of this system ranges from 9.8% to 13.4%, which is
very reasonable from practical point of view. The stress
versus strain behavior of the system is very comparable to
biological muscles, which makes the system a potential
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Figure A1. Normally distributed input sources and resulting efficiency using Monte Carlo method for operating range of 20 °C—40 °C.

candidate for application in soft robotics. Further invest-
igation can be focused on improvement of cycle time from
hydrogenation and actuation point of view.
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Appendix. Uncertainty analysis using monte carlo
method

The uncertainly associated with the calculated efficiency
originates in the measured input data. Law of propagation of
uncertainty (LPU) relies on the input uncertainties associated
with the measurements and uses that information to calculate
the uncertainty that may propagate in the resultant efficiency.
This approach accounts for the maximum deviations in the
primary measurements and calculates the deviation in the
final results using root of the sum of the squares (RSS)
method. This method does not reflect actual or realistic
uncertainty associated with the final result since the extreme
limits of the primary measurements never occur simulta-
neously. Hence, in such a process a certain amount of
information is always lost and the uncertainty in the final
result is over inflated and unrealistic. The Monte Carlo (MC)
method for uncertainty quantification according to ISO Guide
98-3, propagates entire distribution of the source data to
calculate measured (efficiency, in this case). Hence, from the
distribution of the measured, more reliable and complete
information regarding uncertainty associated with the calcu-
lated efficiency can be determined. The estimation of a
measured in Monte Carlo method requires a certain number

trials to be performed. This minimum number of trials (M) is
given as

104
1—p

M > (A1)

For 95% confidence interval p = 0.95 and M > 200 000.
Thus, more than 200000 trials need to be performed with
appropriate input distributions to estimate the actuator
efficiency and associated uncertainty in the results.

In this study a combined approach using both RSS and
Monte Carlo method was applied to compute efficiencies and
associated uncertainties using the model described in
equations (2)—(7). Firstly, the range of each input parameters
were determined (using RSS method) from the measurement
uncertainties of all four parameters appearing in the right hand
side of equation (2). Next, normally distributed trials/data
were generated in MATLAB, which were then propagated
using the model presented in equation (2). Figure Al shows
one such example of normally distributed input sources
generated by random number generator within the error limits
found by the RSS method.
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