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In order to develop a brain spatula made of a shape memory alloy (SMA), this paper discusses
the bending characteristics of a new brain spatula precision-cast in a TiNi SMA. The results
obtained can be summed up as follows. (1) With respect to an SMA-brain spatula having
the same length and width as the existing type made of copper, if the new cast SMA spatula
is 1.2 times as great in thickness as the existing copper spatula, or if a conventionally rolled
SMA spatula is 1.3 times as great, the SMA instrument will offer the same bending rigidity
and withstand almost as great a bending force as the copper one. (2) Expressing the bending
fatigue life of the copper or SMA in the region of low-cycle fatigue as a power function of the
maximum bending strain, the fatigue life of the SMA is longer than that of the copper. For
both the cast and the rolled SMAs, the fatigue life is longer under pulsating-plane bending
than under alternating plane bending.
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1. Introduction

The shape memory effect (SME) and superelasticity (SE) are characteristic behaviors of a shape
memory alloy (SMA). A strain of several percent can be recovered by heating in the case of the
SME or unloading in the case of SE. These behaviors occur due to the martensitic transformation
(MT) and its reverse transformation. The large recovery stress and great amounts of energy
dissipation and storage associated with the MT are effectively exploited in an SMA (Funakubo,
1987; Duerig et al., 1990; Saburi, 2000; Chu and Zhao, 2002; Otsuka and Wayman, 1998). The
development of applications for SMAs as intelligent materials has therefore attracted worldwide
attention. SMAs are now in use across wide fields of industry, electrical manufacturing, and
medical and leisure technologies, to name only a few.

A brain spatula or brain retractor is an instrument used in surgery to hold a brain incision
open while a deep cerebral tumor is operated on. A schematic image of how this is done is
shown in Fig. 1. As shown, the spatula is used in a bent form, fitting the shape and depth of the
individual brain. After the operation, the spatula is struck with a miniature hammer to return
it to its original flat form, after which it is sterilized by heating and is then ready for reuse. The
usual material for brain spatulas hitherto has been copper, but owing to the irrecoverable loss
of evenness that develops on the copper surface after each use, in practice the instrument has
to be disposed of after being used only a few times. If an SMA material is used instead, the
original flat shape can be restored automatically and precisely through the working of the SME
during the sterilization heating in the autoclave. This not only saves time and dispenses with
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the need for hammering, but also means that the unevenness left from plastic deformation is
much reduced so that the spatula can be reused over and over.

Fig. 1. Illustration of a brain spatula in surgical use

The instruments treated in this study have been recently developed and are precision-cast
in a lost-wax process of the self-combustion high-temperature synthesis method (Yoshimi et
al., 2008). The brain spatula needs to form itself into unique shapes according to the brain
configurations of individual patients and, as can be seen from the examples in Fig. 2, the spatulas
themselves also come in intricate forms that are a challenge to create in the TiNi SMA material.
The precision casting technique makes it much easier for these tools to be manufactured.

(a)

(b)

Fig. 2. Examples of precision-cast TiNi SMA brain spatulas; (a) whole rake-type brain spatula against
a centimeter scale, (b) tip of the rake-type brain spatula, (¢) batch of brain spatulas just after
precision casting

The conditions required of a brain spatula are, first, that it can be bent to any desired shape
to fit the brain being operated on and, second, that it should have sufficient rigidity to be able
to keep the brain incision open during the operation. These requirements can be specified in
terms of the bending deformation properties of the instrument, including its bending rigidity. To
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evaluate the reliability of a brain spatula from the point of view of safety, the fatigue properties of
the material are crucial, and to investigate these, the spatula has to be subjected to cyclic plane
bending. This paper is the first reported study of the plane bending properties of a TiNi SMA
considered as the material for a brain spatula.

For the present study, in pursuit of the development of the SMA brain spatula, tension tests
were conducted to examine stress-strain relations in three materials: the newly introduced cast
TiNi SMA, a TiNi SMA of the conventional rolled type, and copper of the type used in brain
spatulas up until now. The shape and dimension requirements of an SMA brain spatula were
investigated on the basis of the bending deformation properties of a strip cantilever. Further, an
investigation was also conducted into the fatigue properties of the materials, which is a question
of extreme importance for the practicalities of their cyclic use.

2. Experimental method

2.1. Materials and specimens

The materials used in the experiment were a new-type cast Ti-49.7at%Ni SMA, a conven-
tional rolled Ti-50.0at%Ni SMA, and copper as used in brain spatulas hitherto. The new cast
SMA was produced by precision casting using a lost-wax process from a self-combustion high-
temperature synthesis method (Yoshimi et al., 2008). Samples of the cast and rolled SMAs were
shape-memorized by fixing them in a flat plane for 40 min at a furnace temperature of 753 K and
then quenching them in water. The starting and finishing temperatures for the MT of the SMAs,
M, and My, and those for the reverse transformation, A; and Ay, were obtained from the DSC
(differential scanning calorimetric) tests. The values obtained were My = 326 K, My = 312K,
As = 342K, Ay = 365K for the rolled SMA and M, = 358K, M; = 283K, Ay = 314K,
Ay = 386K for the cast SMA. The specimens used in the tension tests were the uniform rec-
tangular bars with a thickness ¢t = 1.0 mm, width w = 1.2mm and length [ = 160 mm for the
rolled and cast SMAs, with corresponding values of t = 1.0mm, w = 8.5mm and [ = 140 mm
for the copper. In the fatigue tests, all specimens were bars with dimensions of ¢ = 1.0 mm,
w = 1.2mm and [ = 80 mm.

2.2. Experimental apparatus

An SMA characteristic-testing machine was used for the tension test (Tobushi et al., 1992).
The testing machine was composed of a tension control for loading and unloading and a heating-
cooling device to control temperature. Displacements of the specimen were measured using an
extensometer with a gauge length of 50 mm.
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Fig. 3. Experimental apparatus for alternating-plane bending fatigue test; (1) specimen, (2) grip,
(3 speed controller, (4) cycle counter, (5) motor, (6) power source, (7) crank 1, (8) crank 2, (9) bearing
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A machine for the testing of alternating-plane bending fatigue (Furuichi et al., 2003), for use
in the fatigue tests, is shown in Fig. 3. In the fatigue testing, the maximum bending strain occurs
in the central part of the specimen (1), and the tensile and compressive bending strains occur
alternately. Use was also made in the fatigue tests of a machine for the testing of pulsating-plane
bending fatigue (Tobushi et al., 2001). In the alternating- and pulsating-plane bending tests, the
maximum bending strain on the surface of the specimen was selected and the number of cycles
to failure was obtained under a constant frequency. A scanning electron microscope (SEM) was
used to observe the fracture surface of the specimen.

2.3. Experimental procedure

The tension tests were carried out under a constant strain rate in air at room temperature
below the M; point of the SMA bars. Since the yielding of the SMA occurs under low stress in
the M-phase, the SMA-brain spatula can be bent with a very small force. In the case of SMA
bars in the M-phase, a residual strain appears after unloading. SMA bars showing the residual
strain were heated up to temperatures above the A point under no load. In this heating process
of the SMA bars, the residual strain was found to diminish due to the reverse transformation
between the A, and A; points.

The tests for alternating- and pulsating-plane bending fatigue were carried out in air at room
temperature. Every specimen fractured in the central part of its length between the grips, which
is where the bending strain reaches its maximum value. The maximum bending strain &, on
the surface of the specimen was obtained from the radius of curvature at the point of fracture.
The frequency f was found to be 8.33 Hz (500 cpm) and 3.33 Hz (200 cpm), respectively.

3. Deformation properties of materials used for brain spatula

3.1. Tensile deformation properties

The stress-strain curves of the copper, the rolled and the cast SMAs obtained from the
tension test under a strain rate of de/dt = 2-10"%s™! are shown in Fig. 4. As can be seen
in Fig. 4, a linear elastic deformation occurs in the initial loading stage and yielding occurs
thereafter. The modulus of elasticity E determined from the slope of the initial stress-strain
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Fig. 4. Tensile stress-strain curves for copper, rolled SMA and cast SMA as materials for brain spatulas

curve is 40 GPa for the rolled SMA, 54 GPa for the cast SMA and 95 GPa for the copper.
Approximating the elastic and yield regions of the stress-strain curves to two straight lines,
the yield stress ojs was determined from the intersection of these lines. This gave a value of
68 MPa for the rolled SMA, 168 MPa for the cast SMA and 240 MPa for the copper. In the
case of the copper, the deformation seen at strain levels of above 0.2% occurs due to plastic



Performance and design of precision-cast shape memory alloy...

859

deformation with dislocations. For example, in the unloading process from a strain of 4%, there
is a strain recovery of 0.25% corresponding to the elastic deformation, leaving the residual strain
as permanent strain. In the cases of the SMAs, however, since the material is in the M-phase at
room temperature below the My point, yielding occurs due to rearrangements in the M-phase.
In the unloading process from the same strain of 4%, there is a strain recovery of 0.6% for the
rolled, and 0.8% for the cast SMA, leaving the residual strains of 3.4% and 3.2% respectively
after unloading.
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Fig. 5. Strain-temperature curves for the rolled and cast SMA in tension, with unloading followed by
heating without loading

The relationships between strain and temperature for the cast and rolled SMAs, obtained
from tension tests with unloading followed by heating in the absence of load, are shown in Fig. 5.
The symbols Ag.c, Asr, Ap.c and Ayp.g in Fig. 5 represent the starting and finishing tempe-
ratures for the reverse-transformation in the cases of the cast and rolled SMAs, respectively. In
the heating process under no load, strain begins to recover gradually around A, and disappears
altogether around Ay. The SME behind this strain recovery occurs as a result of the reverse
transformation from the M-phase to the parent (austenite) phase.

3.2. Comparison of characteristic values for deformation

Table 1 sets out the values of the modulus of elasticity F, the yield stress o, the yield
strain e;7 and the hardening modulus k for the copper, the rolled and the cast SMAs materials,
as obtained from the tension tests. As can be seen, both the modulus of elasticity and the yield
stress are lower for the rolled and the cast SMAs than for the copper. These differences account
for the residence to bending deformation in the SMA materials, and also for the bending rigidity
which allows the brain incision to be held open in a particular shape during the operation. In
the next section, the bending deformation properties of brain spatulas made of these materials
will be discussed.

4. Bending characteristics of copper and SMA brain spatulas

In order to design an SMA brain spatula, it is important to evaluate the force required for
bending of the spatula in operational use and the bending rigidity required for brain incision to
be held open during the operation. With a focus on these two bending deformation properties in
spatulas made of copper and SMA, the required specifications for an SMA brain spatula will be
clarified. Conceiving of the existing type of brain spatula as a bendable cantilever made of a strip
of material with a uniform rectangular cross-section, the length of the strip can be expressed
by [, the width of the cross-section by w and the thickness by ¢.
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Table 1. Values of modulus of elasticity, yield stress, yield strain and hardening modulus for
copper, rolled SMA and cast SMAs

Materials Conber Rolled SMA | Cast SMA
PP (M-phase) | (M-phase)

Modulus of elasticity
E [GPa] 95 40 54
Yield stress
o1 [MPal 240 68 168
Yield strain 0.25 0.17 0.34
en [%]
Hardening modulus
k [GPal 0 2.6 2.5

4.1. Bending rigidity required to hold the brain spatula in its bent form

In order to maintain the chosen displacement in the part of the brain that is opened during
the operation, it is required that the brain spatula should remain stable in its bent form (see
Fig. 1). This requirement can be quantified in terms of the maximum permitted deflection in a
cantilever made of the specified materials. Let us consider, in particular, the conditions required
in each case for obtaining the same maximum deflection ¥4, in response to the same force F'
applied at the top of the cantilever. The maximum deflection of the cantilever y,,,, can be
expressed using the second moment of area I, = wt®/12 from the theory of elasticity as follows

Fi3 4F13

_ _ 41
Ymaz = 30T~ Bwt? (4.1)

Assuming that this maximum deflection ¥4, in strips subjected to the same force F' coincides

for the copper and SMA materials, the following equation is obtained

3 3
AFI,  AFI,,
Ecyweutd,  Esmawsmatiya

Ymaz = (4.2)
From the practical point of view of a brain operation, the width w and the length [ of an
SMA brain spatula are expected to offer the same values as for a conventional spatula made
of copper. Therefore, it is appropriate to assume that the length and width dimensions of both
kinds of spatula will coincide, leaving only the thickness t to differ. The thickness for the SMA
spatula tgy4 can be found from Eq. (4.2) as follows

3 ECu
Esna

tsma = tcu (4.3)
If the values for the modulus of elasticity shown for the copper and SMA materials in Table 1
are now substituted in Eq. (4.3), the bending rigidities of the three types of spatulas will be
found to coincide when the rolled SMA spatula has a thickness of 1.3 times, and the cast SMA
spatula a thickness of 1.2 times that of the copper spatula. These are the conditions, in other
words, in which the same deflection and bending rigidity can be obtained from the SMA brain
spatulas as from the copper one.

4.2. Force required to bend brain spatula

In a brain operation, the surgeon has to bend the spatula to fit the exact shape and depth of
the part of the brain being opened. The force required to bend the brain spatula is evaluated as
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the force applied at the top of the cantilever to obtain the required maximum bending strain. As
shown in Fig. 6a, the yield (transformed) regions of the strip during bending occur at the inner
and outer surfaces of the cantilever. A schematic stress-strain diagram and the distributions of
bending strains and stresses in the strip are shown in Figs. 6b, and 7, respectively. In Fig. 6b, it
is assumed that the yielding region can be expressed by the linear hardening with a hardening
modulus k while the yield stress and yield strain are expressed by ojs and €)y, respectively. In
these figures, the maximum bending stress and strain are denoted by o, and &,,, respectively.
It is assumed that the yield stress ojs is the same in tension as in compression.
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Fig. 6. (a) Elastic and transformed regions of the specimen in bending; (b) stress-strain diagram

(&) y) _ )k )
m m
= 2
>\
4 X/
1 7 .
20 [ téu e Ve | tu M
. 2Em 2
T tc T
N =
Y2 -
Strain & Stress o

Fig. 7. Bending strain (a) and stress (b) distribution in the specimen

Let us first consider the bending moment M, required to produce the elastic region of the
strip in bending. The thickness of the elastic region tas is tyr = (epr/em)t. Since the maximum
bending stress in the elastic region 0,4, is the same as the yield stress ojs, the bending moment
required for the elastic region M. is M, = oy Z, where Z denotes the section modulus and
Z = wt%w /6. Accordingly, the bending moment M, for the elastic region is

orpwt? repr2
M, = == (=) (4.4)
6 Em
Next, let us turn our attention to the bending moment M, required to create the yield (transfor-
med) region of the strip. The center of the yield region y. from the neutral axis z is calculated
as

tc t EM
- _ (1M 4.5
Ve =35 4( + am) (4.5)
The area A, of the yield region in the tension side of the cross section is
wt EM

Considering the stress distribution in the yield region and the symmetric match between the
tension and compression sides, the bending moment M, required to create the yield region is
obtained as follows
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M, = %(JM + o) Ayte = é[2JM + k(em — enr)]wt? [1 - (i—Z)Q} (4.7)

The total bending moment M required to bend the brain spatula is the sum of the bending
moment M, for the elastic region and the bending moment M, for the yield region

M = 0 00y = S o 3 (2] 4 e — a1 - (24)]) 43
Since the bending moment M = F, the force required is
e o [3- (20") + 3k — a1 - (22} (4.9)

The condition that the forces required to bend a copper spatula with £ = 0 and an SMA spatula
coincide can be expressed as follows

2
OMCuWCuley, [ _ <5M6’u)2}

E = o, Emcu (4.10)
T Pe—C|

If the length [, the width w and the maximum bending strain &,, of both spatulas coincide only
the thickness to differ, the thickness of the SMA brain spatula is

i~ (4]

Em

(4.11)

tsma = tou 3 5
20 MsmA [3 - (%) } + 3ksma(em — emsma) {1 - (%%) }

The yield stress oy, the yield strain ;s and the hardening modulus k for the three types of
materials are shown in Table 1. Using these values, the thickness of the SMA brain spatula tgasa
can be obtained from Eq. (4.11). The calculated relations between the thickness ratio tsya/tow,
and the maximum bending strain &,, are shown in Fig. 8. If the material of the thickness tgya

[\
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—

Fig. 8. Relationship between the thickness ratio tgaya/tcq, and the maximum bending strain &,
calculated from Eq. (4.11)

shown in this figure is used, an SMA spatula can be bent by the same force as that required for
a conventional copper spatula. As can also be seen from Fig. 8, the maximum bending strain &,
exerts very little effect on the ratio of tgya to to, except in an area of small &, values close to
the yield strain ej;. When the thicknesses of the rolled and cast SMA spatulas are 1.85 times
and 1.20 times that of the copper spatula, respectively, the SMA spatula can be bent by applying
the same force as with an existing copper spatula.
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4.3. Shape of SMA brain spatula

The discussion in Sections 4.1 and 4.2 will have made clear that if the length and the width of
a rolled SMA brain spatula are the same as those of the existing copper type while the thickness
is 1.3 times as large, the rolled SMA spatula is capable of the same bending rigidity and can be
easily bent using a smaller force than required for the copper one. Similarly, if the thickness of
the cast SMA spatula is 1.2 times that of the copper one, the cast SMA spatula is capable of
the same bending rigidity and can be bent by the same force as an existing copper one.

5. Bending fatigue properties

5.1. Fatigue life in alternating-plane bending

Figure 9 shows the relationship between the maximum bending strain &, and the number
of cycles to failure Ny for the rolled SMA, the cast SMA and the copper one, as obtained from
the alternating-plane bending fatigue test. For all three materials, the larger the ¢,,, the smaller
the Ny. It can also be seen that the fatigue life of the rolled SMA is 100 times longer than that of
the copper, and that the fatigue life of the cast SMA is also 100 times longer that of the copper
in the region where &, is small and 10 times longer in the region where it is large. The fatigue
life of the copper is several hundred cycles at e, = 1%, which is almost the same as the low-cycle
fatigue life of normal metals (Shigley and Mischke, 1989). In the case of copper, the yield strain is
caused by slip in the crystals and plastic deformation occurs repeatedly, resulting in short fatigue
life. In the SMAs, the yield strain is not caused by permanent slip but by a recoverable rearran-
gement of the M-phase, which accounts for the long fatigue life. In the case of the cast SMA, as
already observed in Fig. 4, stress increases with an increase in strain, and this in turn results in
the shortening of the fatigue life with an increase in the maximum bending strain. The influence
of the frequency on the fatigue life of the three materials is not clear for f = 3.33 Hz and 8.33 Hz.
For the case of a TiNi SMA wire, it has been found that the lower the frequency, the longer
the fatigue life (Tobushi et al., 2000). This being so, the frequency of an SMA brain spatula in
practical use should be lower than this range between 3.33 Hz and 8.33 Hz. In practice, therefore,
the actual fatigue life of the material in use will be longer than that obtained in the present
study.
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Fig. 9. Fatigue life curves for copper, rolled SMA and cast SMA under alternating-plane bending
In the low-cycle fatigue region of Fig. 9, the fatigue life curves of all three materials tested

can be approximated by straight lines. Since the relationship between e,, and Ny can also be
expressed by a straight line on the logarithmic graph, the relationship can be expressed by a
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power function similar to the fatigue life for TiNi SMA wires and tubes (Matsui et al., 2004) as
follows

emN? =« (5.1)

where a denotes ¢, at Ny = 1 and 3 denotes the slope of the log &, —log N curve, respectively.
The results calculated from Eq. (5.1) with values of § = 0.58 and « = 0.25 for copper, 3 = 0.41
and « = 0.67 for the rolled SMA and (3 = 0.14 and « = 0.05 for the cast SMA are shown by
solid lines in Fig. 9. As can be seen, these calculated results generally match up well with the
inclinations obtained by testing.

5.2. Fatigue life in pulsating-plane bending

Figure 10 shows the relationship between maximum bending strain e,, and the number of
cycles to failure Ny for the rolled SMA, the cast SMA and the copper one, as obtained from
the pulsating-plane bending fatigue test. Here too, the larger the ¢,,, the smaller the N for all
three materials. The fatigue life of the rolled SMA is 100 times longer than that of the copper,
and that of the cast SMA is 40 times longer. The fatigue life of the copper is two thousand cycles
at &, = 2%. Again as observed in Fig. 4, the yield stress is higher for the cast SMA than for
the rolled SMA, resulting in shorter fatigue life.
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Fig. 10. Fatigue-life curves for copper, rolled SMA and cast SMA used for brain spatula under
pulsating-plane bending

As in Fig. 9, the fatigue life curves of all three materials in the low-cycle fatigue region can
be approximated by straight lines, meaning that the relationship can be expressed by a power
function of Eq. (5.1). The calculated results from Eq. (5.1) with 5 = 0.35 and a = 0.26 for
copper, 0 = 0.26 and « = 0.43 for the rolled SMA and G = 0.29 and o = 0.49 for the cast
SMA are shown by the solid lines in Fig. 10. As can be seen, these calculated results again show
a good overall match with the test inclinations.

5.3. Comparison of fatigue life

The relationships between the maximum bending strain e, and the number of cycles to
failure Ny obtained from the alternating- and pulsating-plane bending fatigue tests are brought
together in Fig. 11 for the rolled, and in Fig. 12 for the cast SMA. In both cases, the fatigue
life is shorter in alternating-plane bending than in pulsating-plane bending. Since the amount
of work dissipated in each cycle is greater in the case of alternating-plane bending, a longer
fatigue life can be obtained for an SMA brain spatula in use by fixing the bending direction to
result in pulsating bending. The influence of the dissipated work W, on the difference in fatigue
life between the cases of alternating- and pulsating-plane bending can be explained as follows.
The stress-strain relations and the amount of work dissipated W at each cycle of pulsating-
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or alternating-plane bending are shown, respectively, in diagrams (a) and (b) in Fig. 13, where
it is assumed that the yielding region is expressed by the linear hardening with a hardening
modulus k and that the yield stress ojs is constant under cyclic deformation and has the same
value under tension and compression. The area enclosed by the hysteresis loop gives a measure

of the work dissipated Wy per unit volume in each cycle.
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Fig. 11. Relationship between the maximum bending strain and number of cycles to failure for the
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Fig. 12. Relationship between the maximum bending strain and number of cycles to failure for the cast
SMA under alternating-plane and pulsating-plane bending

(a)

(o7 EREESREEESERREREES
=1 T}
M Tk - i
By
Wa i
0 i/fm ?
E
“OM I
1k

Fig. 13. Stress-strain diagram and dissipated work Wj in the initial cycle under pulsating-plane
bending (a) and alternating-plane bending (b)

The work dissipated in N = 2 is expressed by the following equation for the pulsating-plane

bending
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while the work dissipated for the same cycle of alternating-plane bending is

E_k(E _O‘M+]€€m

W, =4=""
1TV E Tk E+k

)(onr + k) (5.3)
where E and e, represent the elastic modulus and the maximum bending strain in each cycle,
respectively. It can be seen from Eqgs. (5.2) and (5.3) that Wj increases in proportion to both
oy and &,,. The quantitative relationship between the fatigue life N; and dissipated work W,
obtained from Egs. (5.2) and (5.3) is shown in Fig. 14 for the rolled, and in Fig. 15 for the cast
SMA. In both cases, the relationship between N; and Wy can be matched approximately by
a single straight line taking in both the alternating- and the pulsating-plane bending. In other
words, the unified relationship between the fatigue life Ny and dissipated work W, under both
alternating- and pulsating-plane bending can be expressed by the same power function

WaN} = p (5.4)

where p and A denote W, in Ny =1 and the slope of the log W, —log Ny curves, respectively.
Results calculated from this equation are shown by the solid lines in Fig. 14, with values of
A = 0.45 and g = 408 MJ/m3, for the rolled SMA and in Fig. 15, with values of A\ = 0.29 and
p = 88 MJ/m3, for the cast SMA. As can be seen, the solid lines show a good overall match with
the test results. In the case of the rolled SMA in Fig. 14, the range 2-10° < Ny <5- 10%, in the
number of cycles to failure represents the fatigue life under alternating-plane bending, while the
range 2-10* < N F<1- 105 represents that under pulsating-plane bending. The corresponding
ranges for the cast SMA in Fig. 15 are 1-10' < N F< 3 10* cycles under alternating-plane
bending and 1-10* < N <1 108 cycles under pulsating-plane bending. For the cast SMA, the
value of Wy is much larger under alternating-plane bending than under pulsating-plane bending.
That is why the fatigue life of a cast SMA is shorter under alternating-plane bending for a large
maximum bending strain &,,. To sum up, as already mentioned above, the unified relationship
between Wy and Ny is of great usefulness for evaluating the fatigue life of a rolled SMA or a
cast SMA under conditions of either alternating- or pulsating-plane bending.

10%g
i r
o i . .
S i k Pulsating-plane bending
<7 Wl /
== F d/
= L
=R
Lo i o
A= 0% / o o=
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I [calculnted from Eq. (5.4)]

103 10* 10° 106 107
Number of cycles to failure Nt

Fig. 14. Relationship between the dissipated work Wy and number of cycles to failure for the rolled
SMA under alternating-plane and pulsating-plane bending

5.4. Temperature rise under cyclic bending

The surface portion of the specimen is subjected to the effects of dissipated work in each
cycle as discussed in Section 5.3. Therefore, the temperature of the specimen can be expected
to increase under cyclic bending. The surface temperature in the central part of a rolled SMA
strip was measured using a thermocouple under conditions of alternating-plane bending at a
frequency of f = 3.33 Hz. The relationship between the incremental temperature rise AT and
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Fig. 15. Relationship between the dissipated work W, and number of cycles to failure for the cast SMA
under alternating-plane and pulsating-plane bending
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Fig. 16. Relationships between the incremental temperature rise and time for the rolled SMA at two
different maximum bending strains, under alternating-plane bending at f = 3.33Hz
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Fig. 17. Relationships between the temperature rise saturation points and maximum bending strains,
for the rolled and cast SMAs under alternating-plane bending at at f = 3.33Hz

time is shown in Fig. 16. In the first 20 seconds or so, the temperature increases rapidly, but
once the amount of heat generated comes to match the amount released a saturation level is
reached for AT.

The relationship between the saturation point for the temperature rise AT, and the maxi-
mum bending strain &,, is shown in Fig. 17 for the rolled and the cast SMAs at f = 3.33 Hz. The
saturation point increases in proportion to the rise in &,,. The value of AT} is a little higher for
the cast than for the rolled SMA, rising to around 30K at &,, = 3%. The yield stress o); also
increases with temperature, at a rate of 5 MPa/K in the case of a TiNi SMA. For AT = 30K,
this gives a yield stress increase of 150 MPa. This explains why the fatigue damage is large under
alternating-plane bending for a large ¢,,. In practical use in a brain spatula, the frequency will
be low and the temperature rise only small, resulting in a much longer fatigue life than that
obtained in the present study.
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6. Conclusions

In order to develop the SMA-brain spatula, the mechanical characteristics of the TiNi cast- and
rolled-SMAs and the copper one used for the brain spatula were compared based on the tensile
deformation properties, and the characteristics of the SMA-brain spatula were discussed. The
fatigue properties of these materials were also investigated by pulsating- and alternating-plane
bending fatigue tests. The results obtained can be summarized as follows.

(1) Based on the yield stress and the modulus of elasticity of the copper and the TiNi SMAs,
the bending deformation properties of the SMA-brain spatula were estimated by assuming
the condition to use the brain spatula as the bending of the strip cantilever. With respect
to the SMA-brain spatula for the same length and width as the existing copper one, if
the thickness of the conventional rolled-SMA spatula is 1.3 times as large as that of the
existing copper-brain spatula, the SMA spatula can hold the same bending rigidity and
can be bent by a smaller force than the existing copper one. If the thickness of the new
cast-SMA spatula is 1.2 times as large as that of the existing-copper spatula, the SMA
spatula can hold the same bending rigidity and can be bent by the same force as the
existing copper one.

(2) With respect to the alternating- and pulsating-plane bending fatigue, the fatigue life of
both the copper and the SMAs in the region of low-cycle fatigue is expressed by a power
function of the maximum bending strain. The fatigue life of the conventional rolled SMA
and the new cast SMA is longer than that of the existing copper. The fatigue life of the
rolled SMA is longer than that of the cast SMA. The fatigue life of the new cast and
rolled SMAs in the pulsating-plane bending is longer than that in the alternating-plane
bending. The fatigue life of the rolled SMA and cast SMA for alternating- and pulsating-
plane bendings can be expressed by the unified relationship with a power function of the
dissipated work.

(3) The above mentioned characteristics of the SMA-brain spatula obtained in this study will
be substantially applied to the development not only for the brain spatula but also for
other retractors and instruments used in other surgery operations.
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Konstrukcja i wlasciwosci uzytkowe odlewanej szpatulki chirurgicznej wykonanej ze stopu
z pamiecig ksztaltu

Streszczenie

W pracy opisano problem projektowania szpatutki uzywanej w chirurgii mézgu, wykonanej ze stopu
z pamiecig ksztaltu (SMA). Przedyskutowano charakterystyki zginania nowej szpatutki wykonanej z pre-
cyzyjnie odlewanego stopu TiNi. Wyniki badaf podsumowano w nastepujacy sposéb: (1) w poréwnaniu
do konwencjonalnych, miedzianych szpatutek o tej samej dtugosci i szerokosci, jesli odlewana szpatutka
SMA jest 1.2 raza grubsza od miedzianej, lub 1.3 raza, gdy wykonana zostala przez walcowanie, instru-
ment ten bedzie posiadal taka samg sztywnos¢ gietna i wytrzyma niemalze to samo obcigzenie zginajace,
jak w przypadku narzedzia miedzianego; (2) wyrazajac wytrzymalo$é zmeczeniowa szpatulki miedzianej
w rejonie niskocyklicznych obciazen jako funkcje potegowa maksymalnego odksztalcenia przy zginaniu,
stwierdzono, ze szpatutki SMA wykazuja dtuzsza zywotno$é od konwencjonalnych. W obydwu przypad-
kach — odlewanej i walcowanej szpatutki SMA — wytrzymalo$é zmeczeniowa jest wieksza dla plaskiego
jednostronnego zginania od wytrzymalosci przy zginaniu przemiennym.
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