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ABSTRACT

This paper deals with the feasibility assessment of hybrid linear motor that operates based on self-moving cell

concept. The moving cell is composed of magnetostrictive actnator and a ring structure, and a cell train is constructed by

connecting two cells 1n series. Since this motor uses strong push force of Terfenol-D actualors and Triction Torce of the

cells, il can essentially produce long stroke and large force. The overall performance of the molor was measured in terms

of speed and force.
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1. Introduction

Hybrid linear motors have been investigated for
several decades since they have high thrust force related
to therr volume, high contrellabitity and high position
accuracy in the range of a few nano-meters. Comparmg
lo convenlional electromagnetic linear motors their
mechanical structure is rather simple. They can generate
direct linear movemeni without additional gear and
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spindle mechanisms (L2,

One of the most popular
operalion principle in the hybrid linear motors is
inchworm motion. Inchworm type linear motor uses two
clamping actwalors and one pushing actuator B
Combination of two clamping devices and one pushing
acluator generates a “worm”-like motion. Inchworm type
motor has the advantages of decoupling vibration sysiem
that generates elliptical motion on the stator suface to
allow the greater efficiency over the wave type motion.
However, holding force of the motor critically depends
on the clamping actuator outpul. Usually clearance
belween the moving shaft and clamping device should be
maintained in order for the motor to run smoothly. Since
the deflection of the clamping actuator is so small that it
is bard (o keep the gap between the clamping device and
the shaft. To cope with this problem, lever mechanisms

with flexural hinges have been used such thal the stroke
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of piezoelectric actuator is increased ™. There is trade-
off between the outpul force and the stroke: as the siroke
increases, the ontput force is decreased.

Magnelostrictive malerials have been recognized as
giant strain  materials compared with piezoeleciric
materials. Schemes using magnetosirictive malerials as
long siroke linear motors normally involve designs that
rectify the tiny motions of the material to produce large
displacements. One early concepl was to tightly insert a
Terfenol-I» rod inlo a tube, using a magnetic Neld 1o
compress the rod in a wave-like pattern so that it moves
like an inchworm through the tube ™. This design relies
on tight tolerance and makes the Terdenol-I rod the wear
element in the motor, gradually worsening tolerances and
wearing at the heart of the motor.

The inchworm linear motors have some difficulties
in clamping and pushing [unctions. So we aim al
improving lhe design and developing a new hybrid linear
motor that 18 compact and promises betler operational
characteristics in terms of high {orce, high specific power,
long stroke capability and high energy efficiency.
Magnelosiriciive material is used for the actuators of the
molor.

2. Hybrid Linear Motor

2.1 Working Principle

The proposed molor operates based on self-moving



Jaghwan Kim, Jae-Kynn Doo and Jue-Do Kim - International Journal of the KSPE, Vol. 2, No. 2

cell concepl. The cell is composed of Terfenol-D linear
actuator and a nng shaped shell {Fig. 1). A cell train is
construcied by connecting two cells in series and fil in a
guideway The working principle is represented in Fig. 2.
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Fig. 1 Moving cell.
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Frg. 2 Working principle.

Since the cells are fit into a straight guideway wilh
interference, they are locked withoul any slippage in the
When the

Terdenol-D actuator in the froni cell 1s activated the cell

absence of excitation on the actuators.

stretches oul such that 1t loses is clamping force and
moves out along the axial direction. The moving distance
is proportional to the displacemenl of the activated
Terfenol-D actuator. Once each cell is encrgized in
succession, a worni-like motion of the train of moving
cells can be generated relative to the guideway. The
speed of the moving cell train is proportional to the
activation frequency and the amplitude of the excitation
current. Terfenal-D rods are prestressed by the pre-load
screws (o increase the strain output. As a prool-of-
concepi stage, two cells are used. By increasing the
mumber of cells, the movemenl of cell train can be
smoolh

The distinguished merit of Lthe motor is that {wo
operating medes are possible: speed and force modes.
Fig. 3 iliustrates the 1wo operating mades with three
moving cells, In the force mode, large clamping force
can be abtained by adapting many clamping cells. In the
speed mode, the displacement ocutpul can be mereased by
activating several neighboring cells, simultaneously.

Rear cell

Front cell

Wally
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Maoving direction

2N

Fotee mode

Speed mode

Fig. 3 Two operaling modes: [orce and speed modes.

2.2 Moving Cell

Key issues of the moving cell is clamping force and
meoving velocity, The interference dimension should be
encugh the desired
meanwhile the Terfenol-D actuator should be able o

io  maintain clamping force
stretch out the shell structure such that the clamping
[orce is mutilated. Thus, the configuration of shell is very

impertant in the clamping force and the moving velocity.
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The shell is basically a ring where a part of inside is
trimmmed in parallel so ihat the Terfenol-D rod {¢6 x 50
mm) and solenoid are securcly mounted. The shell is
made of brass that exhibits low magnetic flow leakage.

Finite element analysis is performed to investigate
the deformation of the shell structure. Fig. 4 shows the
deformed shape. When the clamping force m transverse
direction is increased the transverse displacement is
linearly increased and ihe average values of the shell
stiffness were found to be 7725 N/mm for the shell
structure (Table 1). This means that, for example, if .01
mm is over-dimensioned in the {irst prototype. 77.25 N
of clamping force can be obtained.
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Fig. 4 Deformed shape of shell structure.,

Tahble 1 Transverse stiffness of shell structure,

Maximum Stiffness
Load[N] displacement [N/mm]
[lm]
5 0.259 7722
20 2.589 7724.9
0 5.178 7724.9
60 7767 7725
100 12.943 7726.2
2.3 Guideway

The guideway has two boundary walls and a bottom
rall. which guides the cell train 1o (ravel. Since all
external loads are finally supported by normal frictional
forces between the walls and the shell structure of

moving cell, the wall-shell interfaces should be designed
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to have high [riction coefficient with low wear rate. The
surface of the two walls are ground and lapped 1o make
the walls flat. Since the minimum stroke of the Terfenol-
D actuators is the about 10 pm, the parallel lolerance of
the iwo walls should be much smaller than the minimum
stroke. The smaller tolerance is the better since some
margin has ie be saved for manufacturing tolerance, wear
and the elastic deformation of shell structure. The wall is
assembled to the bottom rail using three screws. This
[astening mechanism results in nearly constant normal
force between the walls and shells when the Terfenol-D
actuators are activaied.

When the cells are moving along the gaideway the
contact should be stable. The performance of the motor
mainly depends on the quality of this contact mechanism
and is affected by the normal friction force, the stiffness
of the contact surface and the Iriction coefficient. It is
recommended that the wall is rigid while the shell is
relatively flexible so that the most deformation occurs at
the shell.

3. Experiments

Two moving cells were manufactured and installed in
the guideway afler connecting them using a link (Fig. 5).
Fig 6. represents the test setup. Personal computer
generales the driving signals of balf sine waves and the
signals are fed into current amplifier (HP 6268B) in
which current signals are produced according to the input
signals. The current signals are applied to the solenoids
in the moving cells to activate the Terfenol-D actualors.
Current probe and proximetor (Bently Nevada) are used
to measure the current and displacement, respectively.
Prior to test the overall performance ol the motor,
individual cells are tested i terms of displaccment
output (Table 2). The displacement output of the front
cell is nearly constant when the excilation frequency is
changed while time delay is a little bil increased. Static
friction force ol cells were measured using weight and
roller (Fig. 7). Table 3 shows ithe resnlts. The static
friction forces of front and rear cells are a litle bit
different due to the manufactiwing tolerance. The
minimum activation current means the carrent when the
cell starls to move from the guideway. In other words,
the moving cell should be activated above this current

limnit.
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Table 3 Static friction force and min. activation current.

F
Fiz. 5 Photograph of the hybrid linear motor.
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Fig. 6 Experimental setup for the motor performance
measurement.

Table 2 Front cell performance.

Property Tune delay Displacement
i (msec) (pm)
requency
SHz 93 22.62
10Hz 152 23.08
15 Hz 15.6 22.34
20Hz 16.1 22.2
25 He 16.6 21.6
o

Fig. 7 Static Triction measurement sefup.
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Fig. § Displacement and input current (1.6 A}.

Fig. 8 represenis the displacement output of the
motor. Forwarding roovement was found from the results
when hall sine current signal is applied. Nearly 5 pm
tegolution is achieved. The speed of the motor was
measured according to different activation frequency and
current (Fig. 9}. As the frequency and curreni are
ncreased, the speed is increased. Fig. 10 shows load-
speed performance of the motor with different current.
The current 1.2A is the minimum current that can move
the motor. 2.5N of stall force and 0.045 mm/s of free
speed are achieved under 2A current and 25Hz activation
frequency. The stall force is closely related with the static

friction force.
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Fig. 9 Speed vs. frequency at various inpul current.
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Fig. 10 Load characteristic of the motor (25 Hz).
4. Conclusions

The hybrid linear motor that operales bascd on self-
moving cell concept was designed and tested, This motor
basically can produce large force and long stroke. The
overall performance of the motor was measured in terms
of speed and force. The pushing Torce is directly related
with the friction force of the cell. Since the cells are fil
into the guideway with interference, fail-safe-lock is
always guaranteed. By increasing the number of the cells
and depending on the number of activatng cells, two
operating modes—speed mode and force mode can be
achieved.

This new linear motor can be used for motion control,
structural shape control, robot manipulator, position table
and locomotion facility for advanced defense and civilian
systems, This research is a proof-of-concept stage and
more investigation in terms of number of cells, high
frequency activation, wear and thermal effect should be
followed.
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