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In this paper, a new passive filtration system that utilises gravitational force for unfiltered splash lubricated gearbox
is presented and analyzed. This filtration system is based on the combination of different types of Shape Memory
alloy (SMA) for the controlling of filtration layers’ deflection under different conditions. The primary SMA wires
are biased by a bending force created by another type of SMA wires that exhibit super-elastic behavior. These
wires are embedded in a silicone rubber film. The phase transformation of SMA wires is induced by the change of

lubricant temperature. Finite element model based on ABAQUS is developed to simulate the thermo-mechanical

behaviors of the filtration layers. A prototype passive filtration system is made. The experimental observations
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I. INTRODUCTION

Splash lubricated gearboxes are widely used in engineering
applications, such as truck’s main gearbox and helicopter’s
tail rotor gearbox [1]. However, most splash lubricated
gearboxes have not been fitted with filtration systems. Wear
debris and environmental ingress generated during oper-
ating will continuously contaminate lubricant and causing
more severe damages to contacting surfaces inside the gear-
boxes [2, 3]. Conventional unfiltered splash lubricated gear-
box’s components are made robust enough to against wear.
Nowadays, the need for light weight design, a higher re-
quirement of fuel efficiency and reliability has generated an
interest in the development of a light weight filtration sys-
tem for splash lubricated gearboxes.

A passive filtration system that utilises gravitational force to
trap wear debris suspended in lubricant has been designed.
SMAs with the ability to regain their original shape with ex-
ternal stimuli (e.g., thermal, magnetic, electrical) are used
as the actuator to control the opening and closing of the fil-
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on the thermo-mechanical behaviors of the prototype are shown to be in a good agreement with the numerical
simulation results. This shows the capability of the numerical model for estimating the mechanical behavior of
filtration layers with embedded SMA wires at different temperatures.

© 2018 The Author(s). Published by TAF Publishing.

tration system. Comparing to the conventional force-feed
filtration system, the passive filtration system does not re-
quire pumps and pipes, the whole system consists of sev-
eral filtration layers that made of two types of shape mem-
ory alloys and filtration media (silicone) and a metal frame
that mounts the filtration layers above the bottom of lubri-
cant oil sump. When the gearbox is not operating, wear
debris and environmental ingress suspended in the lubri-
cant start to settle to the bottom of the oil sump due to
gravity. With the decreasing of oil temperature, flap layers
are opened due to the bending force created by superelastic
SMAs. This allows wear debris and environmental ingress
to travel through the filtration frame. Before the gearbox
starts to operate in the next time, electrical currently will
be applied to SMAs exhibit shape memory effects to activate
phase transformation and creates a larger actuation force
than the bending force created by superelastic wires, and
thus closing the flaps to prevent already settled wear de-
bris and environmental ingress to re-enter contacting sur-
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faces of gears and bearings in inside the gearbox. The de-
sign of the flap layers needs to consider the forces gener-
ated by two different types of SMAs. The influences of the
use of different wire diameters on the actuation force gen-
erated by shape memory SMAs and recovery force gener-
ated by superelastic SMAs need to be studied. Only when
the suitable diameters of the wires are used, the controlling
of filtration layers’ deflection under different conditions can
be achieved. The following Figure 1 shows the schematic
and cross-section view of an individual filtration frame and
a flap layer with embedded SMAs wires.

Zhaps memaoryzlloywires
Fig. 1. Schematic of filtration frame and flap
layer

The opening and closing of the flap layers are controlled
by the change of lubricant temperature. In this paper, the
working environment of a helicopter’s tail rotor gearboxes
has been taken as a sample to be analyzed. The tail ro-
tor gearboxes used on helicopters are unfiltered and splash
lubricated. The sizes of wear debris and environmental
ingress vary from 1 micrometer to 1 millimeter [4, 5]. It
is found that after the helicopter has landed on the ground
for a few hours, most of the wear particles suspended in lu-
bricant tend to settle to the bottom of the oil sump. Lubri-
cant temperature will also gradually decrease to the ambi-
ent temperature [6]. At room temperature, the SMA wires
with shape memory effects are in martensite phase and they
are relatively softer than the superelastic SMA wires. The
superelastic wires created a radial bending force toward the
bottom of oil sump and forced the flap layer to open. Before
the helicopter starts to operate, the shape memory wires
are heated with an electric current. Then these wires are
changed from their martensite phase to austenite phase,
large actuation forces (greater than the bending force cre-
ated by superelastic wires) will be created during this pro-
cess.
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The original shape of SMA wires with shape memory ef-
fects have been set as straight wires. When shape mem-
ory wires’ phase is changing from martensite to austenite,
they will create large bending forces opposite to the bottom
of oil sump and force the flap layers to close and stop al-
ready settled debris to re-enter gearboxes’ contacting sur-
faces. The normal working temperature of helicopter’s tail
rotor gearbox is 100°C, when the lubricant’s temperature is
above SMA wires’ austenite phase transformation tempera-
ture (At around 55°C), the electric current can be stopped.
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Fig. 2. Flap layer in opening condition (left)
and closing condition (right)

The Above Figure 2 shows both the opening and closing con-
ditions of flap layers and the idealized wear debris’ location
under these two circumstances.

II. SMA
The material properties of SMAs may change at differ-
ent temperatures and applied stresses.
unique properties of SMAs; one is pseudoelasticity (also

There are two

known as superelasticity), which enables SMAs to have a
reversible elastic response to large applied forces. The
other property shape memory effect allows SMAs to re-
turn to their original shape after deformation when heated
[7]. The shape memory effect is a result of a thermo-elastic
crystalline phase transformation between high tempera-
ture phase (Austenite phase) and low temperature phase
(Martensite phase). Typically, shape memory alloys can
exist in two different phases: high temperature austenite
phase and low temperature martensite phase. The marten-
site phase has two variants based on their different crystal
structures, which are twinned martensite and detwinned
martensite. The detwinned martensite is a result of changes
in twinned martensite’s microstructure due to applied me-
chanical stress [8].

The principles of the shape memory effect and a sam-
ple loading path have been shown in the stress-strain-
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temperature diagram in Figure 3. In the beginning of the
loading path (starting from the center of the coordinate
system at location 1) the SMA is in its twinned marten-
sitic phase. After force is applied, the crystal structure of
martensite changes from twinned to detwinned configu-
rations at point 2. From location 2 to location 3, load is
removed, the deformation and the detwinned martensite
crystal structure still remains. Increasing the temperature
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above austenite phase transformation temperature leads to
the phase transformation from martensite to austenite, the
original shape of SMA before deformation will also be recov-
ered during this process due to the change in crystal struc-
ture. When temperature drops below the martensite phase
transformation temperature, SMA will be transformed to
martensite phase which stables at low temperature.
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Fig. 3. Schematic of a stress-strain-temperature curve showing the shape

memory effect [9]

III. PASSIVE FILTRATION SYSTEM’S PRINCIPLE
There are two different types of SMAs used in the filtra-
tion layer. The first type of SMAs exhibits shape memory
effect; this type of SMAs has the ability to recover its origi-
nal shape after deformation with external thermal stimuli.
The other type of SMAs is superelastic shape memory alloy,
this SMAs has high elastic response to large external force.
When the external temperature has increased above the

SMAs’ Austenite phase transformation temperature, shape
memory wires will produce an actuation force to deform
the flap layers and regain the shape memory wires’ original
shape. The shape memory wires have been preset a shape,
after activating their phase transformation; the shape mem-
ory wires will bend to straight position and thus closing the
flaps.
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Fig. 4. Thermal cycle of SMA wires. Temper-

ature of lubricant (blue line), phase

transformation process of SMA wires

(red line)
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The above Figure 4 shows the working principle of SMA
wires with shape memory effects in inside a helicopter
splash lubricated tail rotor gearbox. The temperature of lu-
bricant inside the gearbox of a complete flight cycle (from
takeoff to landing until the next start up) is recorded and
shown in above Figure 4 (blue line). The working temper-
ature of the lubricant in helicopter’s tail rotor gearbox is
about 100°C.

In the beginning before takeoff, the oil temperature is at
near room temperature, with a longer operating time, due
to friction of internal components, lubricant’s temperature
will increase to a steady level ofabout 100°C. The SMA wires
with shape memory effects used in the flap layer have an
austenite phase transformation temperature of 55°C. Be-
fore the starting of gearbox, electric current is introduced
to induce phase transformation of shape memory wires.
This allows the flap layers to return to their original po-
sition. The closed flap layers will also stop wear particles
from following the oil flow created by rotating gears to re-
enter the contacting surfaces inside the gearbox. With the
increasing of lubricant temperature during flight process,
when lubricant temperature is over shape memory wires’
austenite phase transformation temperature (Austenite fin-
ish temperature, where 100% of the wires are transformed
from martensite to austenite), the electric current can be
stopped. The lubricant’s temperature will keep SMA wires
to maintain their austenite phase and keeping the flap lay-
ers in the closing condition. After landing on the ground,
lubricant temperature starts to drop because there is no
frictional heating been generated. Eventually, the lubricant
temperature will decrease to the same level as the ambi-
ent temperature. During this process, the SMA wire will
be transformed from austenite phase to martensite phase
(starting from 80°C and fully completely when temperature
reaches 40 °C). The downward bending force created by su-
perelastic SMA wires will outweigh the actuation force cre-
ated by shape memory wires and deforming flap layers to
open position. This allows wear debris and environmental
ingress to travel through the filtration frame.

IV. EXPERIMENT AND SIMULATION
Both superelastic wires and shape memory wires received
heat treatment to set their original shapes. The following
Figure 5 shows the shapes set for these two types of wires.
The shape of superelastic wires has been set with an initial
angle of /2 radians. The shape memory wires’ shape is set
as straight wires. After shape setting, the shape memory
wires are deformed to the same shape as the superelastic
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wires, then putting into the mould together with silicone to
make the flap layers. In the experiment, the diameter of the
superelastic wire is 0.66mm, and the diameter of the shape
memory wire is 0.5mm.

Fig. 5. Shape set for superelastic wires (left),
Shape set for shape memory wires
(right)

TABLE 1
PROPERTIES OF SHAPE MEMORY WIRE [10]

Shape Memory Wires

Young’s Modulus Austenite 83 GPa
Martensite 28 to 41 GPa

Yield strength Austenite 195 to 690 MPa
Martensite 70 to 140 MPa

Density 6.45 g/cm?

Specific Heat 0.20 cal/g * deg. C

Elongation at Failure 5-10%

Poisson’s Ratio 0.33

The properties of the shape memory wires are listed in Ta-
ble 1. In simulation, model developed by [11] and [12]
was used to analyze the deformation of flap layers after
the shape memory wires have changed to austenite phase.
The simulation results are shown in figure 6, comparing to
experimental results in Figure 7. The simulation shows a
similar general trend of the flap layer’s deformation when
shape memory wires are changing from martensite phase
to austenite phase at high temperature. However, due to
the limited accuracy of the mould to assemble flap layers,
shape memory wires and superelastic wires are not always
located in the center of silicone filtration media. This causes
uniformly distributed stress inside the media and making
the flap layers unable to fill gaps on the frame properly.

Fig. 6. The flap layer atlow temperature open
state (left) and at high temperature
close state (right) in the simulation
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Fig. 7. The flap layer at low temperature open state (left) and at high

temperature close state (right) during the experiment

Figure 7 shows the comparison of a flap layer’s positions in
the experiment at different temperatures. At high tempera-
ture at about 100°C, the shape memory wires are in relative
harder austenite phase.

Shape memory wires create larger upward bending forces
than the superelastic wire and bending flap layer upwards.
This this time, the flap layer is in straight position. When
temperature decreases to 20°C, the flap layer is observed to
be bent into an arc, which has the same 1/2 radians angle
as the initial shape of superelastic wires.

V. CONCLUSION
In conclusion, the results validate the passive filtration sys-
tem’s principle of combining two different types of shape
memory alloys to produce gravitational filtration layers.

The implementation of a filtration system to splash lubri-
cated gearboxes can rarely be found in modern machinery,
this design is an attempt to introduce light weight filtration
system to increase the cleanliness of lubricant in splash lu-
bricated gearboxes effectively. With cleaner operating, it is
expected that the L10 life of gearbox components can be im-
proved considerably.

VI. NOTATION
The following symbols are used in this paper:
Af = austenite finish temperature
As = austenite start temperature
Mf = martensite finish temperature
Ms = martensite start temperature
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