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Abstract

sensor quite well.

identification, Viscoelasticity

In the present study, we propose a variable-sensitivity force sensor using a shape-memory polymer (SMP), the stiff-
ness of which varies according to the temperature. Since the measurement range and sensitivity can be changed, it
is not necessary to replace the force sensor to match the measurement target. Shape-memory polymers are often
described as two-phase structures comprising a lower-temperature “glassy” hard phase and a higher-temperature
“‘rubbery” soft phase. The relationship between the applied force and the deformation of the SMP changes depending
on the temperature. The proposed sensor consists of strain gauges bonded to an SMP bending beam and senses the
applied force by measuring the strain. Therefore, the force measurement range and the sensitivity can be changed
according to the temperature. In our previous study, we found that a sensor with one strain gauge and a steel plate
had a small error and a large sensitivity range. Therefore, in the present study, we miniaturize this type of sensor.
Moreover, in order to describe the viscoelastic behavior more accurately, we propose a transfer function using a
generalized Maxwell model. We verify the proposed model experimentally and estimated the parameters by system
identification. In addition, we realize miniaturization of the sensor and achieve the same performance as in our previ-
ous study. It is shown that the proposed transfer function can capture the viscoelastic behavior of the proposed SMP

Keywords: Shape-memory polymer, Force sensor, Glass transition temperature, Cantilever, Strain gauge, System

Introduction

Force sensors have been applied to various fields and
are required to measure wider load ranges. One exam-
ple in industry is a manufacturing system that has the
flexibility to cope with various kinds of small-quantity
production referred to as a flexible manufacturing sys-
tem. Moreover, in rapidly aging societies, robotic tech-
nology has been applied to various fields, including
industrial fields as well as nursing and welfare fields
[1]. In these applications, wide-range force sensors
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that can obtain load information can measure multi-
ple biosignals, such as heart rate, respiration cycle, and
weight transitions [2]. Most force sensors transform the
mechanical deformation of the detection area under an
applied force into a change in resistance, capacitance,
or reflectance that can be measured using electric sig-
nals. For example, some force sensors consist of strain
gauges bonded to a bending beam. However, with this
approach, it is difficult to change the measurement
range or sensitivity of a sensor, both of which depend
on the material used, the type of strain gauge, and the
measurement method. The deformation range depends
on the sensor material, and it is difficult to change these
specifications after the sensor is produced. For this
reason, we previously developed a force sensor using a
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shape-memory polymer (SMP), the measurement range
and sensitivity of which can be changed [3, 4].

Shape-memory polymers [3-19] are increasingly
being investigated as smart materials and are used in
various fields. Shape-memory polymers change their
modulus around the glass transition temperature (Tg),
and are often described as two-phase structures com-
prising a lower-temperature “glassy” hard phase and a
higher-temperature “rubbery” soft phase. The hard and
soft phases are characterized by two different elastic
moduli: an elastic modulus for the lower-temperature,
higher-stiffness glassy plateau and an elastic modulus
for the higher-temperature, lower-stiffness rubbery
plateau. The reversible change in the elastic modulus
between the glassy and rubbery states of SMPs can be
as high as several 100-fold.

Since the stiffness of the SMP can be changed accord-
ing to the temperature, the measurable force range
determined based on the above strain range can also be
changed. Moreover, even if the strain resolution is the
same, the force resolution can be changed in a similar
manner. In this way, the measurement range and sensitiv-
ity of the force sensor can be changed according to the
temperature. Generally, environmental stability is a very
important requirement for sensors. For example, special
compensating elements are often incorporated either
directly into sensors or into signal conditioning circuits
in order to compensate for temperature errors [20]. Note
that, inverting the above idea, the proposed sensor uses
the temperature-dependent changes positively.

In previous studies [3, 4], we made several proto-
types of this sensor by attaching a strain gauge to an
SMP sheet with an embedded electrical heating wire
and evaluated their basic characteristics. Through
experiments with these prototypes, which use the stiff-
ness change of the SMP based on the temperature, we
showed that the measurement range and sensitivity
can be changed without replacing the actual sensor [3].
On the other hand, the changes in measurement range
and sensitivity (ranging from a 100-fold to a thousand-
fold) depend on the Young’s modulus of the SMP and
are not adjustable. However, the change may be too
large for some applications. Therefore, we also affixed
a thin steel plate (see “Basic concept of force sensor”
section for additional details). Furthermore, we could
reduce the influence of the difference in elastic modu-
lus between the strain gauges and the SMP sheet. This
made it possible to reduce the discrepancy between the
theoretical values and the measured values. Moreover,
SMP force sensors with either one or two strain gauges
and steel plates were fabricated, and their accuracy and
sensitivity were investigated under the same conditions
[4]. Experiments using the prototypes demonstrated
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that a sensor with one steel plate had a small error and
a large sensitivity range, although the dimensions of the
sensors were not optimized.

Therefore, in the present study, we miniaturized this
type of sensor for practical use. A prototype of this sen-
sor was made by attaching a strain gauge to an SMP
sheet with an embedded electrical heating wire, and
we evaluated the basic characteristics of the prototype
sensor.

In a previous study, we proposed a theoretical for-
mula that took the viscosity of the SMP into consid-
eration, which made it possible to reduce the effect of
stress relaxation [4]. However, since the first derivative
of the measurement values was used to estimate the
force (see “Basic concept of force sensor” and “Gener-
alized Maxwell model” sections for additional details),
the measurement errors could be large. Therefore,
in the present study, we propose a transfer function
method using a generalized Maxwell model. We veri-
fied the proposed model experimentally and estimated
the parameters by system identification.

Basic concept of force sensor

As shown in Fig. 1, the force sensor was fabricated by
bonding an SMP sheet and a steel plate and attaching a
strain gauge to the steel. If the viscosity of the SMP and
the embedded wire are negligible, by assuming a com-
posite beam consisting of SMP and steel sheets, then
the strain on the strain gauge (&) can be expressed as
follows [3, 4, 21]:

b
' h
hy Ey I '
JRRNDU (R RN U Neulml axis
——— SMP sheet
hs ES IS’ ~
™ Steel plate

SMP sheet

o\

w Steel plate Strain gauge

Fig. 1 Bending state of beam
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E,l, + El)e
(hp+hs_h1)x

where x is the distance between the strain gauge and the
position at which the force is applied, E,, and E; are the
elastic moduli of the SMP and steel, respectively, and 1
and I are the area moments of inertia for the SMP and
steel, respectively, about the neutral axis of the composite
beam. Here, I and I’ are expressed as follows:

. b3 i\ 2
%=£w<m—;>wp 2)
. b3 he\ 2
L =234 (hy—h + =) bh
s 12+<p 1+2) ®)

where b is the width of the beam, /,, and &, are the thick-
nesses of the SMP and steel plates, respectively, and /, is
the distance between the neutral axis and the SMP sur-
face and is expressed as follows:

o Ephy + EsQhphs + h2)
2(Ephy + Eshs)

(4)

As described in “Introduction” section, E, can be
changed according to the temperature. Therefore, the
relationship between ¢ and W given in Eq. (1) can also
be changed. Therefore, the change in the measurement
range based on temperature can be modified. Moreo-
ver, as shown in Eq. (1), by changing the thickness of
the steel plate, the measurement range and the sensi-
tivity of the sensor can be modified.

In order to understand the mechanisms produc-
ing such unique properties and to design products
including SMPs, various mathematical models have
been proposed [5, 6, 12-19, 22]. To investigate relaxa-
tion processes in polymers, combinations of elements,
including springs and dashpots, are widely used for
modeling under isothermal conditions [12-18, 22].
For example, Tobushi et al. proposed a linear consti-
tutive model by modifying a three-element viscoelastic
model combining two springs and a dashpot to repre-
sent the deformation characteristics of the SMP [12].
Similarly, in our previous study [4], considering the
viscosity of the SMP, we assumed that the relationship
between W and ¢ is given by

A PR
B <£_M+N> )

where L, M, and N are constants.
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Table 1 Specifications of force sensor in previous and present

studies
Previous study [4] Present study
I"(mm) 63 14
b (mm) 20 8
hp (mm) 1 15
h, (mm) 0.05 0.07

Table 2 Characteristics of SMP MP4510

Properties MP4510
Elastic modulus (T<T,) (MPa) 1,350°
Elastic modulus (T>T,) (MPa) 45
Elongation (T<Ty) (%) 10-30

@ Bending modulus

5 100% tensile in the machine direction

Miniaturization of sensor

Design of miniaturized sensor

The dimensions of the prototype SMP sensors used
in our previous study [4] and the present study are
shown in Table 1. Here, [’ is the length of the sensor.
The dimensions of the prototype sensor constructed in
the present study are similar to those of the commercial
force sensor (LVS-2KA (T< Tg), LVS-200GA (T> Tg),
Kyowa Electronic Instruments Co., Ltd.) used in the
experiment. The volume of the proposed sensor was
reduced by 87% compared with that in our previous
study. In our previous study, we applied a deformation
of 5 mm to the tip of the sensor. In the present study,
we determined b and £, so that the reaction force W
is the rated capacity of a commercial load cell (20 N)
when the deformation is 1 mm below T,. The ratio of
the sensor length (14 mm) to the deformation (1 mm)
is approximately the same as that in the previous study,
because the large creep strain of the SMP below T,
is not recovered [7]. The thickness of the steel plate
(hy=0.07 mm) is similar to that in our previous study
[4]. The relationship between the applied force W and
the deflection y is expressed as follows [21]:

w3

77 (Eply + EL) ©)

where [ (=11 mm) is the distance between the fixed
end and the position at which the force is applied.
In the present study, we chose a polyurethane SMP
(SMP  Technologies Inc., MP4510, T,=45 °C). The
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pe g

of the SMP sheet at the position indicated by the red circle

Fig. 2 Prototype force sensor using an SMP sheet with an embedded electrical heating wire (sample i). We attached a thermocouple to the surface

fundamental characteristics of this material taken from
the product catalogue are listed in Table 2. Substituting
E,=1,350 MPa (T'< Tg) and E,=193 GPa into this equa-
tion, we obtain W=27 N.

Prototype

In this study, we prepared two prototype sensors (sam-
ples i and ii) to check the reproducibility of the sensor
fabrication process. The prototype SMP force sensor
is shown in Fig. 2. In the present study, we prepared an
SMP sheet with an embedded electrical heating wire in
a manner similar to that described in our previous stud-
ies [4, 8]. The shape and dimensions of the heating wire
(nichrome, outer diameter: 0.26 mm, electrical resistiv-
ity: 108 x 107° Q c¢m) are shown in Fig. 3. The underlined
lengths in the figure were smaller than those in our previ-
ous study.

We bonded the SMP sheet and steel plate (SUS304H,
thickness: 0.07 mm) using an adhesive (PPX, Cemedine
Co., Ltd.). We attached one strain gauge (KFGS-2-
120-C1-16 L1M2R, Kyowa Electronic Instruments Co.,
Ltd.) to the steel plate and measured the strain on the
surface of the steel plate. The distance between the strain
gauge position and the position at which the force was
applied (x) was 6 mm. We used a cyanoacrylate adhesive

Fig. 3 Heating wire. The underlined lengths are smaller than those in
our previous study

(CC-36, Kyowa Electronic Instruments Co. Ltd., oper-
ating temperature range: —30 to 100 °C). The size and
electrical resistivity of the prototype sensors are listed in
Table 3. Since we fabricated the sensors manually, there
were several manufacturing errors. In future studies, it

Table 3 Size of prototype force sensors

#i #ii
Length® (mm) 30.5+£0.1 299401
Width (b)* (mm) 85+£00 80+£0.1
Thickness (hp-i-hs)a (mm) 1.8+00 19400
Electrical resistivity (Q) 1.8 19

@ Average =+ standard deviation from 10 measurements
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will be necessary to minimize these errors by using a jig
and a manufacturing machine.

A schematic diagram of the temperature control
system is shown in Fig. 4a. The heating wire was con-
nected to a power supply (PE18-1.3AT, KENWOOD)
with a stable direct current, and a voltage of 5 V was
supplied to the prototype sensor. With a thermocou-
ple attached to the surface of the SMP sheet (red circle
in Fig. 2), we heated the sheet and maintained a tem-
perature of 70 °C (above T,), as in our previous study
[4]. Note that we used only two temperatures above
and below T, (70 °C and room temperature, respec-
tively), and maintained these temperatures in order to
minimize creep and thermal expansion. A pulse width
modulation (PWM) signal was controlled by software
developed in LabVIEW (National Instruments Co.).
When the SMP was heated from room temperature to
70 °C, we set the duty ratio to 100% and then modi-
fied it to compensate for the heat loss and maintain
the SMP temperature at 70 °C. The changes in tem-
perature and strain with time for samples i and ii are
shown in Fig. 4b, c, respectively. After keeping the
samples at room temperature for 100 s, the tempera-
ture was increased and maintained at 70 °C by PWM
control. The strain below and above 70 °C was almost
constant although the values were very different due to
thermal expansion of the SMP sheet. The difference in
the strain above T, for the two sensors is attributed to
the manufacturing errors shown in Table 3. The fluc-
tuation of the strain at 70 °C is thought to be due to
the viscoelasticity of the SMP sheet, which caused a
change in its shape. In the experiments described in
the “Experiments” section, we evaluated the proto-
types after the temperature became almost constant.

We captured a thermogram of the heated SMP sheet
shown in Fig. 5a using an infrared thermal camera (NEC
Avio Infrared Technologies Co., Ltd., F30W), and the
results are shown in Fig. 5b. The entire sheet was heated
uniformly to approximately 70 °C. One reason for the
temperature uniformity is the reduced distance between
the heating wire segments. Since the tape covered the
surface to attach the thermocouple, the center of the
SMP sheet is shown in blue.

We created a base, a presser plate, and a cover
using a 3D printer (Fig. 6). The prototype force sen-
sor (samples i and ii) in Fig. 2 was fixed between the
presser plate and the base, and was used in the experi-
ments described in “Experiments” section. As shown
in Fig. 6b), the total sensor dimensions including these
parts are almost same as those for a commercial load
cell (LVS-A, Kyowa Electronic Instruments Co., Ltd.).
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Experiments

The experimental apparatus is shown in Fig. 7. The
applied force was measured at temperatures above and
below T,. The experiments below T, were performed
at room temperature. The relationship between the
strain and the force applied using an indenter con-
nected to the load cell was then evaluated. The indenter
was placed in contact with the steel plate of the pro-
totype sensor in order to prevent SMP surface defor-
mation. The load cell and the sensor were attached to
a manual stage and an automatic stage (OSMS20-85,
Sigma Koki Co., Ltd.), respectively. The prototype sen-
sor was automatically displaced using the automatic
stage. The strain gauge was connected to a PC through
a bridge box (DB-120A, Kyowa Electronic Instruments
Co., Ltd.) and a strain amplifier (DPM-711B, Kyowa
Electronic Instruments Co., Ltd.). The load cell was
also connected to the PC through a strain amplifier.
The sampling frequency was 1 kHz. We resampled the
obtained 1-kHz signal at 100 Hz using the resample()
function in MATLAB.

Experiment 1

We performed two types of experiments in order to char-
acterize the proposed sensor. We first applied a random
force to the prototype sensor in order to estimate the
optimum transfer function and compare the proposed
sensor with that used in our previous study [4]. The sen-
sor was deformed as follows:

Step 1: The sensor was held motionless in the
unloaded state (just before touching).

Step 2: After the unloaded state, the sensor was
moved in the direction of the blue arrow in Fig. 7
and was brought into contact with the load cell to
apply a deformation of 1 mm to the tip of the sensor.
Step 3: Leaving the tip deformed, the sensor was held
motionless.

Step 4: The sensor was returned to the initial posi-
tion.

Steps 1 through 4 were repeated. The number of repeti-
tions was 5, which was larger than in our previous study
[4]. For system identification, the input should be “per-
sistently exciting’; i.e., it should contain many distinct
frequencies [23]. Therefore, in the present study, consid-
ering the potential applications of our sensor (i.e., a wide
range of inputs), we randomly set the velocity in Steps 2
and 4 from 0.5 to 5 mm/s, and the rest time in Steps 1 and
3 from 0 to 20 s. For each condition, the measurements
were conducted six times. We evaluated two prototype
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Thermocouple

SMP sheet

CEN: Z29.8B

Ay

Fig. 5 Photograph (a) and thermogram (b) of SMP force sensor
when heated and maintained at 70 °C (sample i)

//

[ ,,,ne

Load cell H
Prototype force
sensor

Fig. 7 Experimental apparatus for evaluating force sensor. The
prototype sensor was automatically displaced using an automatic
stage

sensors (samples 1 and 2). We prepared samples 1 and
2 by attaching samples i and ii, respectively, between the
presser and base plates, as shown in Fig. 6b.

Steel plate

Commercial

force sensor

Fig. 6 Prototype force sensor using SMP. a External appearance. b Internal components
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Fig. 8 Generalized Maxwell model used in present study

Experiment 2

We then evaluated the dynamic response of the proposed
sensor to a step deformation. Similarly to experiment 1,
the sensor was deformed as follows:

Step 1: The sensor was held motionless in the
unloaded state (just before touching) for 10 s.

Step 2: After the unloaded state, the sensor was
moved in the direction of the blue arrow in Fig. 7 (5
mm/s) and was brought into contact with the load
cell in order to apply a deformation to the tip of the
sensor.

Step 3: Leaving the tip deformed, the sensor was held
motionless for 300 s.

We set the deformation in Step 2 to 0.25, 0.5, 0.75, or
1 mm in order to check whether the force increases with
increasing deformation. For each condition, the measure-
ments were conducted three times. We evaluated two
prototype sensors (samples 1’ and 2°). After experiment 1,
we removed the sensors from the presser and base plates,
and reassembled samples 1’ and 2’ manually, as shown in
Fig. 6b. Therefore, [ in Fig. 2 was not exactly the same for
samples 1 (2) and 1’ (2’).

Transfer function

Generalized Maxwell model

Here, £ and ¢ are measured by the strain gauges, so W is
determined using Eq. (5) and the value of W at each time
step. If W=0 at t=0, the value of W determined from
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Eq. (5) can be substituted into Eq. (7) in order to sequen-
tially calculate W:

W (t+dt) = W) + W()dt (7)

In our previous study [4], after performing this procedure
multiple times, the force measured using the load cell was
compared with W obtained based on the strain measured
using the strain gauge, and the error was calculated. Then,
W was determined by combining the theoretical equations
in “Basic concept of force sensor” section. In MATLAB, the
least-squares method was then used to determine the opti-
mum values of L, M, and N in Eq. (5).

In the present study, in order to describe the viscoelas-
tic behavior more accurately, we derived a transfer function
using the generalized Maxwell model, as shown in Fig. 8
[13]. Westbrook developed a generalized Maxwell model
to capture the shape-memory effect using two sets of
nonequilibrium branches for two fundamentally different
modes of relaxation: the glassy mode and the Rouse modes
[13]. Since the temperature of our sensor is fixed above and
below T, we neglected the thermal expansion of the SMP.
Then, using the transfer function, we calculated the force
from the strain.

The derivation process is shown below. As shown in
Fig. 8, the forces applied to each element fy, f;i(i=1---n)
are expressed as follows:

AE, An; ;
fi = Tlruis = Tlitia (8)

fo="4Pu 9)

where A is the cross-sectional area, u;; and u; are the
displacements of the dashpot and the spring, respec-
tively, n; is the viscosity, E, and E; are elastic moduli, L
is the total length of the proposed model, and L; and Lj
are the length of the dashpot and the spring, respectively.
The total applied force (f) and the displacement (x) of the
model are expressed as follows:

f=h+Xif (10)

U= ujs+ Uiq (11)
Using Egs. (8) and (11), we have

. . Ly g Ly

M—Mis-l-uid—rgiﬁ‘*‘fmi (12)

By Laplace transformation of Egs. (9) and (12), we
obtain

Fo(s) = 42U (s) (13)
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sU(s) = (Bis + Ci)Fi(s) (14)
where
Bi=#% (15)
Ci=4 (16)

After Laplace transformation of Eq. (10), by substitut-
ing Egs. (13) and (14), we have

F(s) = Fo(s) + 2.1y Fi(s)
= U(S)(% + Z?Zl Jﬁ 17)

Using Eq. (17), the transfer function G,(s) for the gen-
eralized Maxwell model, shown in Fig. 8, with an input
U(s) and an output F(s), is expressed as follows:

AEq(B1s + C1)(Bas + o) -+ (Bus + Cy)
+SL{ (Bys + Co)(Bss + C3) -+ (Bus + C) + - }
. +(Bis + C1)(Bas + Cp) - - - (By—15 + Cu—1)
Gils) = L(B15+C1)(Bas+Ca)-+ (Bus+Cy)
(18)

As shown in Eq. (18), the numbers of poles and zeros
are n. In the present study, we assumed that the trans-
fer function G(s) with an input &(s) and an output W(s)
had a structure similar to G,(s) and # poles and » zeros.
Namely, G(s) is expressed as follows:

n “ee
G(S) — S +-+a1s+ap

BT Bistho (19)

Since the temperature of the proposed sensor is fixed
above or below T,, we assumed that ¢;(i=0 - - - ) and S;
(i=0-- - n) are constants in the rubbery and glassy states.
Note that by Laplace transformation of Eq. (5), G(s) with
n=1 can be obtained. We determined # using the experi-

mental results.

Calculation of force

Using the results of experiments 1 and 2 shown in
“Experiments” section, we first estimated the transfer
function shown in Eq. (19) and calculated the fit ratio
[24]. The fit ratio (hereinafter denoted as FIT) is defined

as
m ~ _ 2
FIT = 41— Y (7 y(k)z} « 100%
Vi -7}

where y(k) and (k) are the measured output and the
simulated output, respectively, at time k, ¥ is the average

(20)
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value of y, and m is the number of samples. When y(k) is
identical to (k) for all k=1, ..., m, FIT becomes 100. The
procedure is as follows:

+ Method 1 (proposed in the present study): We esti-
mated G(s) (n=1-5) using the tfest() function in
MATLAB. For the estimation, we imposed the condi-
tion that @; and j3; are positive because the values of
L, A, Ep, B;, and C; in Eq. (18) are positive. The initial
values of &; and j3; were set to 1 or NaN. The use of
NaN indicates unknown coefficients. First, regarding
each experimental data, we determined a; and j5; with
maximum FIT value as the optima. Second, we calcu-
lated the average values of a; and j5; below and above
T, and determined G(s) with n=1-5. We then calcu-
lated FIT using the compare() function to validate the
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determined G(s). Comparing FIT for each condition,
we determined the optimal value of .

Furthermore, using the method in our previous
study [4] (namely Egs. (5) and (7), method 2) and the
results of experiment 1, we estimated W, calculated
FIT, and compared the obtained results with those
measured by Method 1. The procedure is as follows.

+ Method 2 (used in our previous study): Using Egs.
(5) and (7), we calculated L, M, and N. In MATLAB,
the least-squares method was used to determine the
optimum values of L, M, and N in Eq. (5). Here, L, M,
and N were changed at intervals of 10 N s71, 10 N,
and 0.1 s, respectively. Based on these values, we also
calculated FIT.

Results and discussion

Identification of transfer function (experiment 1, method
1)

Typical transitions of the force below and above T, are
shown in Fig. 9. As shown in Fig. 9, the two measured
forces are almost identical. Moreover, by considering the
viscosity of the SMP, the estimated force can reproduce
the stress relaxation phenomenon. The maximum force
and strain for different conditions are shown in Fig. 10.
Although we applied a similar displacement below and
above T, the measured force range is significantly differ-
ent. Based on the above results, it was shown that the min-
iaturized sensor achieved the same performance as in our
previous study. On the other hand, the maximum strain
below and above T, is similar. The measured force below
T, is smaller than expected (27 N, see “Design of minia-
turized sensor” section for additional details) and both the
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maximum force and strain are different for the two proto-
type sensors. These differences may be attributed to errors
during sensor manufacture, as shown in Table 3.

On the other hand, when the sensor was returned to
the initial position, the force measured by the load cell
became zero although the estimated values were not
zero (arrow in Fig. 9b). One reason is that the SMP sheet
could not recover to the initial shape quickly because of
its viscosity, and the indenter of the load cell could not
contact the prototype sensor. Above T}, a fluctuation of
the estimated force can be seen. The transitions of the
measured strain are shown in Fig. 11. Similarly to Fig. 9,
fluctuations can also be seen, and are attributed to elec-
trical noise in the heating wire.

Using Method 1 (n=1-5), we calculated FIT. The
mean +the standard deviation below and above T, are
shown in Fig. 12a, b, respectively. When n=4 and 5, by
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Fig. 14 Frequency responses of transfer function obtained using
Method 1.a #1. b #2

imposing the condition that the initial values of a; and f;
are both 1, an error occurred during the calculation in
MATLAB. When n=5, below T, there was a case when
FIT was negative value, and the average value was small,
as shown in Fig. 12a. The values of FIT below T, are larger
than those above Tj,. One reason would be the electrical
noise shown in Figs. 9 and 11. As shown in Fig. 12, except
for n=5, as the order of the transfer function became
large (n increased), the FIT values also increased.

We then calculated the average values of the coeffi-
cients in Eq. (19) below and above T, and determined
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G(s) with n=1-5. Using the same experimental results,
we calculated the mean and the standard deviation of FIT
below and above T, for each n. The calculated FIT val-
ues are shown in Fig. 13; for most conditions, the largest
value was obtained for n=3. Therefore, a transfer func-
tion with n =3 is considered to be optimal.

Bode diagrams for the transfer function (n=3)
obtained using Method 1 below and above T, are shown
in Fig. 14. It can be seen that the gain has a significant
temperature dependence. The phases above T, were
larger than those below Tg, which can be attributed to
the viscosity of the SMP. There were several differences
between the gains and the phases for the two sensors,
which may be attributed to the manufacturing errors
shown in Table 3.

Comparison with our previous studies (experiment 1,
comparison between Methods 1 and 2)

The FIT values determined using Method 2 are shown in
Fig. 15. As shown in Figs. 12 and 15, the maximum values
of FIT determined using Method 1 were larger than those
determined using Method 2. Using the proposed transfer
function model, the FIT values became larger than those
in our previous studies.

Bode diagrams of the transfer function obtained using
Method 2 below and above T, are shown in Fig. 16. The
gains in Fig. 16 are similar to those in Fig. 14. However,
above T, the phases in Fig. 16 are smaller than those in
Fig. 14. This difference would cause a decrease in FIT.

Step deformation response (Experiment 2)

Using Method 1 (n=1-5) and the results of experi-
ment 2, we calculated FIT for different conditions. The
mean +the standard deviation below and above T, are
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Fig. 16 Frequency responses of transfer function obtained using
Method 2. a #1. b #2

shown in Fig. 17a, b, respectively. When n=4 and 5, by
imposing the condition that the initial values of ; and j;
are both 1, an error occurred during the calculation in
MATLAB. When n=4, there were two cases when FIT
was negative value, and its average value was small, as
shown in Fig. 17. Similarly to experiment 1, Fig. 17 shows
excellent agreement between the model estimations and
the experimental data, although the deformations of the
SMP sensors were not the same. As shown in Figs. 12 and
17, the values of FIT in experiment 2 were smaller than
those in experiment 1. One reason would be the changes
in the temperature and the sensor characteristics over
time, as shown in Fig. 4b, ¢, because experiment 2 (more
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than 310 s) was longer than experiment 1 (about 104 s).
In the future, we will attempt to minimize these effects,
for example by using improved temperature control, to
determine the optimal value of n.

We then calculated the average values of the coeffi-
cients in Eq. (19) below and above T, and determined
G(s) for n=1-5. Using the same experimental results, we
calculated the mean and the standard deviation of FIT
below and above T, for each n. The calculated values of
FIT are shown in Fig. 18, and are seen to be much lower
than those in Fig. 17. The main reason is that the coef-
ficients in Eq. (19) are different for each deformation.
Therefore, for practical applications of the proposed sen-
sor, it would be necessary to set the optimum coefficients
according to the operating conditions.

Conclusion

We have developed a variable-sensitivity force sen-
sor using an SMP sheet with an embedded electrical
heating wire. In the present study, we miniaturized this
type of sensor while referencing the dimensions and
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Fig. 18 Average step deformation response (FIT).a T< Tg. bT> Tg

rated capacity of a commercial load cell. The volume
was decreased by 87% compared with that in our previ-
ous study. The entire sheet of the prototype sensor was
heated uniformly to approximately 70 °C.

Moreover, we proposed a transfer function using a
generalized Maxwell model. Using identification experi-
mental results, we determined the numbers of poles and
zeros and compared the FIT value between our previous
and present studies. Models were introduced and were
validated experimentally, and there was excellent agree-
ment between the model estimations and the experi-
mental data. A transfer function with n=3 was found
to be optimal. Using the proposed model, the FIT value
became larger than in our previous studies.
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