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ORIGINAL ARTICLE: Clinical Endoscopy

Prospective clinical trial of magnetic-anchor-guided endoscopic
submucosal dissection for large early gastric cancer (with videos) ~x

Takuji Gotoda, MD, Ichiro Oda, MD, Katsunori Tamakawa, PhD, Hirohisa Ueda, PhD,
Toshiaki Kobayashi, MD, PhD, Tadao Kakizoe, MD, PhD

Tokyo, Japan

Background: The treatment of early gastric cancer (EGC) by endoscopic submucosal dissection (ESD) has been rapidly gaining
popularity in Japan. However, the procedure needs a high quality of skill. To facilitate complicated ESD by using a single working-
channel gastroscope (“one-hand surgery method”), the magnetic-anchor-guided ESD (MAG-ESD) controlled by an extracorpo-
real electromagnet was reported to be successful in a porcine model.

Objectives: The purpose of this prospective clinical trial was 1o evaluate the feasibility of MAG-ESD for large EGC located on
the gastric body in human beings.

Design: Prospective clinical trial ar a single center
Setting: National Cancer Center Hospital, Tokyo, Japan.

Subjects: From January 2005 to May 2006, 25 patients with EGC >20 mm in diameter, located in the gastric body, and in-
testinal-type histology were enrolled. Patients with a cardiac pacemaker, advanced malignancy in other organs, severe cardiac
and/or pulmonary diseases, and uncontrolled hypertension and/or diabetes mellitus were excluded from this study,

Interventions: Similar to a standard ESD, the MAG-ESD procedure was performed with the patient under conscious seda-
tion by intravenous injection of midazolam (3-5 mg) and pentazocine (15 mg).

Main Outcome Measurements: Unfavorable events and other intraoperative complications caused by the magnetic anchor
or the magnetic force were recorded and evaluated. Two Gl endoscopists (T.G., LO.) assessed whether the magnetic anchor
facilitated gastric ESD according to 2 criteria; “supportive’ and “'not supportive.” The en bloc resection rate, complications,
total operation time, bleeding, perforation, and recurrence rate were also evaluated. The total operation time was measured
from insertion to withdrawal of the endoscope, including the retrieving of the magnetic anchor or anchors.

Results: All tumors were resected en bloc, without any perforations or severe uncontrollable bleeding. All magnetic anchors
were safely retrieved. Two endoscopists assessed that the MAG system was supportive in 23 patients. None of the patients
experienced physiologic and mental abnormalities as a result of long-term magnetic-field exposure, During a median fol-
low-up of 20 months (15-32 months), neither delayed adverse effects nor allergies caused by the stainless steel of the mag-
netic anchor were observed,

Conclusions: MAG-ESD is a feasible and safe method that allowed an excellent visualization by suitable tissue tension and
facilitated gastric ESD in patients with EGC. The system should be miniaturized to make it applicable in daily clinical practice.
(Gastrointest Endosc 2009;69:10-5.)

Abbreviations: FGC, early gastric cancer; ESD, endoscopic submucosal
dissection; IT-knife, insulati bermic knife; MAG-ESD, mag-
neticanchor-guided endoscopic submucosal dissection.
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It has been reported that endoscopic submucosal dis-
section (ESD) of early gastric cancer (EGC) improves the
rate of successful en bloc resection."* An ESD by using
an insulation-tipped diathermic knife (IT-knife), devel-
oped at the National Cancer Center Hospiral, was the first
of such techniques.** Other endoscopic devices for ESD
have been developed.™ ESD has been rapidly gaining
popularity in Japan, primarily because of its ability to re-
move larger EGC en bloc, thus reducing a local recurrence
caused by a piecemeal resection.® However, it is still an

10 GASTROINTESTINAL ENDOSCOPY Volume 69, No. 1 - 2009
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investigational technique and requires a high level of skill
from the endoscopists.” !

Endoscopic resection should be safe, effective, and ap-
plicable to a wide variety of clinical situations. In particu-
lar, when EGC is located in the gastric body, an ESD is
more complicated, and the rate of a complete resection
is lower than in the gastric antrum.'* The more difficult
extension of the wall and the collection of fluid, including
blood and/or gastric juice, hinder the performance of the
ESD procedure. Optimal extension of the wall and visual-
ization of the lesion is mandatory for a safe and feasible
ESD.

To facilitate a complicated standard ESD procedure
performed by using a single working-channel gastroscope
(one-hand surgery), the magnetic-anchor-guided ESD
(MAG-ESD) controlled by an extracorporeal electromag-
net, was developed.® We reported that MAG-ESD facili-
tated the ESD procedure in the porcine model. The
purpose of this prospective clinical trial was to evaluate
the feasibility of MAG-ESD for large EGC in human
beings.

PATIENTS AND METHODS

Patients

The purpose of this prospective clinical trial was to
evaluate the feasibility of MAG-ESD. Twenty-five patients
with EGC >20 mm diameter, located in the gastric
body, were enrolled. The patients were first seen on an
outpatient basis, and the tumor was assessed by a gastros-
copy. From January 2005 to May 2000, all patients with
EGC >20 mm in diameter, located in the gastric body,
and with intestinal-type histology underwent an ESD on
an inpatient basis at the National Cancer Center Hospital,
Tokyo, Japan. The ethics committee approved the study,
and a detailed written informed consent was obtained
from each patient. The presented study was conducted ac-
cording to the Declaration of Helsinki.

The patients with a cardiac pacemaker, advanced malig-
nancy in other organs, severe cardiac and/or pulmonary
diseases, uncontrolled hypertension, and/or diabetes mel-
litus were excluded from this study. Pregnant or lactating
women, and those who wished to become pregnant dur-
ing the study were also excluded. Patients with tumors
with recurrent disease, fibrosis, deeper invasion, or dif-
fuse-type histology were excluded.

Standard ESD

The standard ESD procedure was initially started by us-
ing a standard gastroscope with a single working channel
(GIF Q260 or Q240; Olympus Optical Co, Lid, Tokyo,
Japan)." Marking dots were placed approximately 5 mm
outside the margin of the lesions by using a needle-knife
(KD-1L-1; Olympus) and forced coagulation current 20
W (1C C200; ERBE, Tubingen, Germany). First, injection

' Capsule Summary
What is already known on this topic

» Endoscopic submucosal dissection (ESD) is useful in the
| en bloc removal of large gastric lesions, thus reducing |
thelisltolalocalremem caused by piecemeal |

Magneﬁchandlnr—guidedESD[MAG-Eﬂ?},mmuﬂedhyq'

an extracorporeal electromagnet, facilitates the standard
ESD procedure performed by using a single working- |
| channel gastroscope.

What this study adds to our knowledge

# In 25 patients with gastric cancer lesions >20 mm in
| diameter who underwent magnetic-anchor—guided ESD,
| all tumors were resected en bloc, without any |
perfomﬂonsouevereummb‘aliablebheding.mdan ‘

expe
| abnormalities as a result of long-term magnetic field
exposure,

of diluted epinephrine (1:100,000) was performed to raise
the submucosal layer and to insert the tip of the IT-knife
into the submucosal layer. Then, a small initial incision
was made by a standard needle-knife by using 80 W, effect
3 Endocut (ICC200; ERBE). Mucosal curting at the periph-
ery of the marking dots was circumferentially performed
with an [T-knife (KD-610L; Olympus) with 80 W Endocut.
After additional submucosal injection of diluted epineph-
rine, the submucosal layer below the lesion was directly
dissected by using the same [T-knife. The final aim was
o achieve en bloc resection.

All patients were sedated by intravenous injection of
midazolam (3-5 mg) and pentazocine (15 mg), and, if nec-
essary, conscious sedation was maintained with an addi-
tional injection of midazolam.

Magnetic anchor and extracorporeal
clectromagnetic control system

The magnetic anchor (Pentax Co, Tokyo, Japan) con-
sists of 3 parts: a hand-made magnetic weight, made of
magnetic stainless steel (SYS420F), microforceps, and
a connecting thread. A 1.0 x 1.0 x 1.5-cm weight was de-
signed to facilitate gastric ESD by use of an extracorporeal
hands-free electromagnet, whereby magnetic forces allow
a suitable counter-traction for submucosal dissection
(Fig. 1). The anchor weight used for this procedure was
approximately 6 g.

The magnetic control system (Fig. 2) consists of an elec-
tromagnet with up-and-down motion; a movable examina-
tion table was made by Tamakawa Co (Sendai, Japan) for
use in a standard endoscopic room, The magnetic control
system consisted of a 068 kOe/100A extracorporeal

www giejournal.org
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Figure 1. Concept of the MAG-ESD

electromagnet, 350 mm in diameter, positioned at 10 cm
from the center of the magnetic yoke. In this manner, the
position of the electromagner was adjusted according to
the patient's physique. The examination table was able
to move freely to be able to control the magnetic weight
so as to achieve ideal mucosal lifting to allow the gastric sub-
mucosal dissection

MAG-ESD

According to the standard ESD, after circumferential
mucosal cutting by using an IT-knife, the procedure was
switched 1o an MAG-ESD, controlled by a high-power elec-
tromagnet placed outside the body of the patient (Fig. 3)
First, an overtube (Sumitomo Bakelite, Tokyo, Japan) was
inserted into the esophagus. Second, a tube catheter was
passed through the working channel of the gastroscope. A
magnetic anchor, with a magnetic weight, a microforceps,
and a connecting thread, was attached to the tip of the
catheter. The gastroscope that carries the magnetic an-
chor was reinserted, Inside the stomach, the magnetic
weight was pushed out from the catheter. According to
the direction of gravity, the microforceps connected 1
the magnetic weight was placed at the mucosal (.'{1]2{('
(Video 1, available online at wwwgiejournal.org), The
submucosal dissection by using an I'T-knife was performed
by suitable tissue tension with hands-free stabilizarion
and wisualization (Video 2, available online at www
giejournal.org)

If experienced endoscopists, who have performed
more than 100 gastric ESDs, requested additional mag-
netic anchors to maneuver the traction direction of the
exfoliated gastric tissue, then any numbers of magnetic
anchors were attached. To maintain suitable tissue ten-
sion, either the patients were rotated or the direction of
the magnetic anchor was repositioned by using the mov-
able examination table. After endoscopic resection, both
the resected tissue and the magnetic anchor or anchors
were retrieved into the overtube by using a grasping for-

ceps and were removed from the stomach

Figure 2. Extracorporeal electromagnetic control system,

Assessments

The demographic and clinical features of each patient
were recorded in a case report form. Unfavorable events
and other intraoperative complications caused by the
magnetic anchor or the magnetic force were recorded
and evaluared. We defined serious adverse events as those
that lead to death, threat ro life, notable disability, pro-
longed hospital stay, or hospitalization. Patients were
followed-up until adverse events either dissipated or re-
turned to pretreatment levels, Two Gl endoscopists
(T.G., LO)) assessed, according to the 2 criteria, whether
the magnetic anchor facilitated a gastric ESD. Once the
dedicated endoscopists evaluated that the MAG-traction—
facilitated gastric ESD compared with the standard gastric
ESD technique, it was defined as “supportive.” When the
ESD procedure was not effectively influenced by uqmq the
MAG system, it was defined as “not supportive
bloc resection rate, complications, total operation time,
bleeding, perforation, and recurrence rate were also eval-
uated. The total operation time was measured [rom
gastroscope insertion to withdrawal, including retrieving
the magnetic anchor or anchors

The en
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Figure 3. Magnetic-anchor-assisted ESD for large EGC. A, Fitting the magnetic anchor onto the tip of the gastric mucosa before applying the magnetic
farce. B, Lifting of the gastric rissue and stretched submucosal layer under strong countertraction by the magnetic anchor. C, Good visualization of
vessel in submucosal layer under countertraction by magnetic force. D, Controllable traction by the magnetic anchor with a magnetic field

RESULTS

The MAG-ESD technique was performed in 25 patients
(M/F, 17/8; median age 70 years, range 48-85 years; median
tumor size, 30 mm, range 20-70 mm).

The results of the MAG-ESDs are shown in Table 1. All
tumors were resected en bloc, without any perforations or
severe uncontrollable bleeding. The median size of re-
sected specimen was 55 mm (33-125 mm). The median
procedure time was 80 minutes (50-240 minutes). One re-
section was histologically confirmed as being noncurative
because of deep submucosal invasion with positive verti-
cal margins and lymphatic-vessel involvement. This patient
underwent addirional radical surgery.

One magnetic anchor was required in 21 cases, and 2
magnetic anchors were used in 4 cases. All magnetic an-
chors were safely retrieved. Two endoscopists assessed
that the MAG system was supportive in 23 patients, In par-
ticular, the MAG system effectively facilitated an ESD for all
9 tumors located on the greater curvature of the gastric
body. However, the magnetic anchor was not helpful in
2 patients. In one case, it was difficult to inflate the gastric
lumen because of air leakage through the hiatus hernia.

| | TABLE 1. Results of 25 patients treated by MAG-ESD

En bloc resection rate 25/25 (100%)

Median resection size (mm) 55 (range 33-125)
Complications 0/25 (0%)
Median time consumption (min) 80 (range 50-240)

Exposure time for
magnetic field (min)

30 (range 10-110)

Endoscopist’s assessment
Supportive 23

Not supportive s

In another case, it was impossible to pull the gastric tissue
toward the proper direction, even after changing the pa-
tient's position.

None of the patients experienced physiologic and men-
tal abnormalities as a result of long-term magnetic-field ex-
posure, neither before nor after the procedure. After
a mean ol 30 minutes (range 10~-110 minutes) of exposure

www.giejournal.org

Volume 69, No. 1 2009 GASTROINTESTINAL ENDOSCOPFY 13



Magnetic-anchor—guided endoscopic submucosal dissection

Gogodda et al

to the magnetic field, no adverse effects of standard ESD
procedure were observed regarding pulmonary and car-
diac function. During a median follow-up of 20 months
(range 15-32 months), neither delayed adverse effects
nor allergies were observed because of the stainless steel
of the magnetic anchor.

Eight weeks after an MAG-ESD, all artificial defects
caused by ESD were completely cured. Neither recurrent
cancer nor distant metastases were observed in any of
the patients during follow-up.

DISCUSSION

The present study is, to our knowledge, the first clinical
trial by using MAG-ESD for EGC in human beings. The feasi-
bility of the technique for gastric cancer treatment was al-
ready evaluated in an animal study. The MAG-ESD
technique permits excellent visualization of the submucosal
layer, because it is possible to achieve suitable tissue ten-
sion. This simplifies a gastric ESD, even for large lesions lo-
cated in the gastric body. The long-term exposure to the
magnetic field did not cause any unwanted physiologic or
mental effects. Furthermore, no delayed complications or
allergies related to the stainless steel of the magnetic anchor
were observed. All the tumors were resected en bloc, with-
out any perforation or severe uncontrollable bleeding,

Endoscopic resection is comparable in many respects
to conventional surgery, with the advantages of being
less invasive and more cost efficient.'*'® Endoscopic re-
moval of cancer was initially attempted by using colorectal
polypectomy with a high-frequency electric surgical cau-
tery.'” The use of endoscopic polypectomy to treat pedun-
culated or semipedunculated EGC was first described in
1974 in Japan. In 1984, the technique of EMR, the so-called
strip biopsy, was devised for endoscopic snare polypec-
tomy."® Today, EMR is established and widely accepted as
a minimally invasive treatment for EGC."” Although several
techniques have been reported to make EMR procedures
easier and safer,”>*! these cannot be used to remove, en
bloc, lesions larger than 2 cm in diameter.?>* Piecemeal
resection may cause the pathologist to inadequately stage
the specimen. Furthermore, there is a high risk of a recur-
rence after a piecemeal resection.****

An ESD is superior to a standard EMR and provides en
bloc specimens with a standard single-channel gastro-
scope. After an endoscopic resection, pathologic assess-
ment of depth of cancer invasion, degree of cancer
differentiation, and lymphatic or blood-vessel involvement
allows an accurate prediction of the risk of lymph-node
metastasis.” The risk of developing lymph-node or distant
metastasis is then weighed against the risk of surgery.””*’

Endoscopic resection should be safe, effective, and ap-
plicable to a wide variety of clinical situations. However, an
ESD still requires an experienced endoscopist with a high
level of skill, especially when using a single working-chan-

nel gastroscope. Recently, the technique of percutaneous
traction-assisted EMR by using a laparoscopic port to cre-
ate a strong counter-traction was reported.”®** However,
all previous trials showed that the technique was compli-
cated, invasive, and did not make ESD easier.

Magnets and magnetic fields were used to direct the
catheter tip during catheter procedures.* A magnetic an-
choring system was used to achieve laparoscopic surgery
by using a single trocar™ Very recently, the feasibility of us-
ing magnetically anchored instruments was reported as
a promising technique to facilitate natural orifice translumi-
nal endoscopic surgery in a porcine model.*® These mag-
nets may also provide a way to alter tissue contours
without any direct contact. A direct-current-generated
magnetic field, as used in magnetic resonance imaging, is
regarded as the least invasive or even the most appropriate
noninvasive procedure that can be medically applied.

In 21 of our patients, only one magnetic anchor was
needed to achieve the desired result, either by rotating
the patient or by moving the examination table. In 4 cases,
2 magnetic anchors were required. In 2 cases, a second
magnetic anchor was helpful. With the other 2 cases, how-
ever, the second anchor did not help, because the MAG
system did not provide adequate visualization for submu-
cosal dissection or allow suitable maneuvering of the en-
doscopic devices. This was caused by underinflation of
the gastric cavity. Therefore, to obtain better visualization
during an MAG-ESD, the prevention of air leakage because
of a hiatus hernia should be achieved.

Another limitation of this procedure was that the extra-
corporeal electromagnetic control system is too large and
cumbersome. Although it was possible to achieve hands-
free fixation of the mucosa by using the magnetic anchor
tractioned with the extracorporeal electromagnet, the sys-
tem should be miniaturized to allow wider clinical
application.

In conclusion, this prospective clinical trial proved that
MAG-ESD can feasibly be used in human beings. The
MAG-ESD technique was able to obtain excellent visualiza-
tion by suitable tissue tension and to facilitate the proce-
dures, Further innovations are warranted to apply the
MAG procedure in daily clinical practice.
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Abstract

This paper describes a cantilevered magnetic aciuator driven by magnetostriction in a low magnetic field. The dimensions of the 1wo
layers actuator were | x Smm and amorphous FeSiB was used as the magnetostrictive material. Since the FeSiB has excellent soft
magnetic characteristics, the actuator with FeSiB was able 1o work in magnetic field strength of less than 10kA/m. The theoretical
formulas for the amount of the displacement and the force of the actuator were obtained. The theoretical results agreed with the
experimental one. According to the theoretical formula, the displacement was calculated with the parameter of the mechanical properties
of the substrate. To obtain the large displacement, the actuator with Co substrate was designed based on the theoretical formula. The
displacement of 153 pm was obtained using Cu substrate of 1.1 um thickness in the magnetic field of 10kA/m. © 2008 Elsevier B.V. All

rights reserved
@© 2008 Elsevier B.V. All rights reserved.

PACS: 75.50.Kj; 75.80.+q; 8585.+)

Keywords: Cantilever; FeSiB; Magnetostriction; Magnetic thin film; Low magnetic field

1. Introduction

Cantilevered actuators were studied using principles of
piezoelectric effect [1], thermal expansion [2], and magne-
tostriction [3]. Using the piezoelectric effect and thermal
expansion, the large displacement can be obtained.
However, the structures are complicated because they
require insulation layers and signal cables. In this study, we
proposed a cantilevered actuator driven by magnetostric-
tion. The actuator can drive wirelessly, and the structure is
simple. Therefore, the actuator is suitable for miniaturiza-
tion. In previous works, amorphous TbFe and SmFe thin
films were studied for the magnetostrictive materials for the
actuator, because they had large magnetostriction constant
[3]. However, a large magnetic field of about 80-800 kA/m
was required to drive, and it was not suitable for the
application in microsystems.

In this work we fabricated the cantilevered actuator
using amorphous FeSiB as magnetostrictive material. This
material has smaller magnetostriction constant of about

*Corresponding author. Tel.: + 8122217 5488; fax: +§1 222175728,
E-mail address: ishivama(@ riec.tohoku.acjp (K. Ishiyama),

0304-B853/5 - see front matter (© 2008 Elsevier B.V. All nghts reserved.
doiz10.1016/j.jmmm.2008.04.008

30 x 10~° compared with rare earth iron alloys, but has
large permeability. Therefore this material is suitable for
magnetostrictive cantilever in low magnetic field less than
10 kA/m. The theoretical formulas about the amount of the
displacement and the force of the actuator were obtained.
According to the theoretical formula, the displacement was
calculated with the parameter of the mechanical properties
of the substrate. The actuator was designed for Young's
modulus and the thickness of the substrate, to obtain the
largest displacement.

2. Cantilevered magnetic actuator
2.1. Driving principle

The shape of the magnetostrictive material expands or
contracts by the rotation of the magnetic moment in the
material. The amorphous FeSiB and a non-magnetic
material were made up of the two-layer cantilever actuator.
Not to receive the influence of a magnetic torque, the
magnetic field was applied to the width direction of the
actuator. Because the amorphous FeSiB has a positive
magnetostriction constant, the FeSiB film contracts to
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Fig. 1. Configuration and displacement of the magnetic actuator. (a) Side
view of the actuator. (b) Displacement by magnetostriction

transverse direction of the applied magnetic field. There-
fore the cantilever bends toward the FeSiB side. The side
view of the actuator is shown in Fig. 1(a). By applying an
external magnetic field as shown in Fig. 1(b) the actuator
bends. The displacement é and the force F were observed at
the free edge of the actuator.

2.2. Fabrication and measurement of the actuator

The amorphous FeSiB thin films were fabricated by the
RF sputtering method. The sputtering target was Feq;
Si;4B)4 alloy. RF input power was 200W, and Ar gas
pressure was controlled to obtain the best residual stress.
During the sputtering, the substrate was cooled by water.
The thickness of the FeSiB was 0.7 um. After deposition,
the magnetic film was cut out to 1 x35mm with the
substrate. We defined it as the cantilevered actuator. To
control the magnetic anisotropy, the actuator was heat
treated in the magnetic field of 240kA/m to the long-
itudinal direction of the cantilever and the temperature of
350°C in | h. The magnetic characteristics were measured
using VSM. The amount of the displacement of the
actuator in magnetic field 10kA/m was measured by
microscope, and the force was measured by microscope
with loads at the free edge of the cantilever. The weights of
the loads were measured with the weight meter, with
accuracy of pg order beforehand.

3. Derivation of the theoretical formulas

3.1. Displacement

The various theoretical formulas about the amount of
the displacement of cantilevered actuator by the magnetos-
triction have been studied [4,5]. However, the theoretical
formulas are suitable only for that the magnetic film is thin
enough compared to the substrate. Therefore, it is
necessary to obtain a new theoretical formula for this
research, because we have to apply very thin substrate for
large displacement [6].

Free edge Fixed edge
1 L
} iy E A
G e e
* i t, E A
Nen,irn] plane

Fig 2. Structure of the cantilevered actuator and neutral plane.

A neutral plane was defined as shown in Fig. 2. This was
the plane in the actuator whose length was not changed
when the actuator bents. The distance between the neutral
plane and contact plane of the layers was defined as r,. The
theoretical formula was obtained by using 7, and the
following two assumptions. The bending moment diagram
was the same at the total length of the actuator, and the
bending angle of the actuator was small enough compared
with the actuator length [7]. The obtained theoretical
formulas were shownas follows:

- Ei} - Erf} )
2(Eqt; + Ety)

_ 3LMEdsuti(—ts + 20) + EcAste(tr + 21,))

T YE (12 = 38, + 32) + Erte(1} + 311, + 31'2))

where d is the amount of the displacement in the free edge
of the actuator, L is the actuator length, and ;, E;, and /A,
are the thickness, Young's modulus, and the magnetostric-
tion of the magnetic thin film, respectively. 1., E;, and A,
are the thickness, Young's modulus, and the magnetostric-
tion of the substrate material, respectively, 1, is the distance
between the neutral plane and contact plane of the layer. In
this study, the length L was constant as Smm, Young's
modulus of the magnetic thin film E; was 210 Gpa.

When the magnetostriction value A in the theoretical
formulas was used, the following two points were
considered. The first point was the influences of the
relation between the direction of the applied magnetic field
and the observation. The magnetic field was applied to
the width direction of the actuator in this experiment; the
magnetostriction value 1' was converted into —1/2 of
the magnetostriction constants. The other point is that
the magnetic moment was not saturated at the field of
10kA/m. Under an assumption that the magnetization
changed in rotation in FeSiB because it was exited to its
hard direction, we used a ratio between saturation
magnetization and the magnetization at 10kA/m. This
ratio was multiplied with the magnetization constant to
compare with the experimental value in 10kA/m.

(2)

3.2. Force

We examined the force generated at the free edge of the
actuator when the magnetic field was applied to the
actuator. The force was equal to the concentrated load
on the free edge. Under the same assumption as the
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Table |

Calculated and expert 1 values for the displacement and force of the

cantilevered magnetic actuator (H = 10kA/m)

Thickness of magnetic thin film, t; (um) 0.35 0.70 1.05

Displacement (jum) Calculated 6.9 7.9 8.3
Experiment 7.1 80 84

Force (N} Calculated 30 4.2 50
Experiment 31 43 49

theoretical formula (2), the theoretical formula about the
force of the actuator was obtained as follows.

3w EsAwnls(—1s +21) + Erdcti(ts + 25))
(3)
4L
where Fis the amount of the force in the free edge point of
the actuator and, w is the width of the actuator. In this
study, the width was constant as | mm. Other parameters
were the same as those used in theoretical formula (2).

F=

3.3. Experiment and comparison with theory

As shown in Table 1, the calculated values of the
displacement and the force agreed well with the experi-
mental results using a polyimide film as the non-magnetic
substrate. The mechanical properties were used as the
following values: 7, 30 um, E,: 3.5 Gpa. The magnetostric-
tion of the film, Ar, was —15 % 107°, because the field was
applied to the width direction of the cantilever while the
length was changed by the magnetostriction. From the
results shown in Table 1, it is found that the formulas
are suitable to design the actuator.

4. Design of a cantilever actuator
4.1. Theory analysis of the displacement

Based on the theoretical formula, the amount of the
displacement of the actuator was analyzed with the kinds
of the substrates. The dimensions of the actuator were
1 x 5mm, and the thickness of the FeSiB was 0.7 um. The
parameters for the analysis were the mechanical properties
of the non-magnetic substrate as Young's modulus and
the thickness. The analytical results are shown in Fig. 3.
The horizontal axis shows the Young's modulus of the
substrate, and the vertical axis shows thickness of the
substrate, and the numerical value which each lines show is
the calculated amount of the displacement of the actuator.
The substrate material can be decided according to the
relation between Young's modulus and the thickness of the
substrate.

It is found that the higher the Young modulus of the
substrate obtained, the large the displacement, while there
was the optimum value for the thickness, as shown in
Fig. 3. If the substrate material had a high Young's
modulus, the substrate material strongly disturbed the
contraction of the FeSiB magnetostrictive material. On the

2
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Fig. 3. Figure of the t of the displacement designed by Young's
modulus and the thickness of the substrate.

other hand, a soft and thin substrate would contract with
magnetostrictive layer. Therefore, the contraction would
not be converted to the large displacement in these
conditions. Therefore the best substrate thickness and
Young’s modulus exist to obtain the large displacement.
When the material of Young's modulus 130GPa was
applied for the substrate to obtain the amount of the
displacement of about 150um, the thickness of the
substrate must be 1.1 um. Cu was selected as a substrate
material with this Young's modulus, and the calculated
displacement value was 155um under the actuator length
of 5mm.

4.2. Experiment and comparison

Based on the foregoing paragraph, the actuator with the
Cu substrate was fabricated. Cu and FeSiB thin films were
fabricated by the RF sputtering method. RF input power
was 100 W, and Ar gas pressure was 4mTorr for Cu and
16 mTorr for FeSiB. The annealing temperature was 200 °C
in consideration of the difference of the coefficient of
thermal expansion.

The displacement was measured as shown in Fig. 4. The
experimental result shows the displacement of 153 um with
the magnetic field strength of 10kA/m. The obtained
experimental result was agreed well with the calculated
value.

In addition, the produced force of this actuator was
0.30 uN while the calculated value was 0.29 uN. This result
confirms the design was suitable for the cantilever actuator.

It is clarified that we could obtain the cantilevered
actuator as we designed and the amount of displacement
more than 100 um was obtained. Moreover, the graph
showed that the amount of the displacement is almost
saturated with magnetic field strength of 10kA/m, and the
influence of hysteresis was hardly seen. These results show
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Fig. 4. Experimental result between the magnetic field and the displace-
ment J caused by the magnetostriction.

that this actuator has the large possibility for the
application of the microsystems such as pTAS.,

5. Summary

The cantilevered actuator driven by the magnetostriction
was examined, The two-layer actuator was made using
amorphous FeSiB thin film, so the actuator could be driven
in the low magnetic field less than 10 kA/m. The theoretical

formulas for the amount of the displacement and for the
force of the actuator were obtained. The calculated values
agreed well with the experimental results using a polyimide
film as the non-magnetic substrate. To obtain the actuator
with large amount of the displacement, Cu film was applied
for the substrate, based on the design of the theoretical
formula. As the results, the actuator with large displace-
ment was fabricated as designed based on the theoretical
formula.
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