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Abstract

In the recent years, there has been a growing interest in research community towards the application of smart materials for
bio-medical structural health monitoring. Amongst the smart materials, directly bonded piezo sensors (DBPS), based on the
electro-mechanical impedance (EMI) technique, have been successfully employed for the above purpose. The principle behind
the EMI technique is that high frequency excitations (typically > 30 kHz) generated by a surface bonded PZT patch are used
to detect changes in structural drive point impedance caused by cracks or any other type of damage. Bone healing and dam-
age have been shown to be successfully monitored using the DBPS. However, in most of the diagnostic cases of live human
and animal subjects, directly bonding a PZT patch is always an irritant or hazard for a live subject. To circumvent direct
bonding, the authors have developed and experimentally demonstrated a non-bonded piezo sensor (NBPS) configuration as
a good alternative to DBPS while maintaining the effectiveness of measurement well within discernible limits. This paper
presents further improvement in the NBPS configuration aiming at autonomous operation of the gripping mechanism using
shape memory alloy (SMA) wires. The experiments are performed on replicas of femur bone in healthy and osteoporosis
state. This paper shows the effective use of SMA clamping for bone identification and its damage assessment in comparison
to earlier mechanical gripping using jubilee clamps. This paper also covers impedance based identification applied to SMA
and clamp based NBPS configurations. In place of raw admittance signatures, effective drive point impedance is utilized for
the purpose of bone diagnostics which provides a more realistic assessment of the condition of bone.

Keywords NBPS - Shape memory alloy (SMA) based clamping - Effective drive point impedance - Clamping factor -
Osteoporosis - EMI

1 Introduction

In the recent years, extensive research is being pursued for
employing biosensors that inflict minimal harm to the live
subject. To avoid cumbersome diagnostic techniques and
Shashank Srivastava: Formerly Research Scholar, Indian Institute pain to the patients, new techniques are being devised to
of Technology, New Delhi. achieve non-invasive and wearable type of biosensors. Kim
et al. [1] conducted electromyography signal based mus-
cle fatigue assessment for knee rehabilitation monitoring
systems. Dong and Biswas [2] monitored liquid intake of a
human being via apneas extracted from breathing signal cap-
tured by a wearable chest sensor belt. Lim et al. [3] employed
non-intrusive sensors in daily life for monitoring physiologi-
cal signals. Smart materials, such as piezoelectric lead zirco-
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vast employment in biomedical structural health monitor-
ing (BSHM). For example, successful monitoring of bone
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healing and damage has been experimentally demonstrated
through directly bonded piezo sensor (DBPS) [4, 5]. In line
with the already established fact, mechanical properties of
the bone like stiffness, density, Young’s modulus and damp-
ing can be utilized for detecting damage/deterioration since
these undergo change on occurrence of any defect [6, 7].
Biological processes, especially ageing and disease such as
osteoporosis lead to change in the structure of bones, thereby
resulting in bone density, strength and stiffness loss. Boemio
et al. [8] demonstrated the feasibility of a non-invasive tech-
nique based on the EMI principle to assess dental prosthe-
ses stability. Ribolla and Rizzo [9] successfully assessed the
mechanical interlock of a dental implant with the surround-
ing bone, again using the EMI technique. They successfully
demonstrated the capability of the EMI technique to evaluate
the implant-bone interface properties by means of DBPS.
DBPS, however, is constrained for widespread biomedical
applications due to the fact that bonding the piezo patch
with an adhesive shall result in discomfort and disease for a
live subject. Laboratory based experiments that offer non-
bonded piezo sensor (NBPS) as a good alternative to DBPS
while maintaining the effectiveness of the measurement,
were successfully conducted by authors [10]. The NBPS
configuration comprises of an aluminium strip with a piezo
patch bonded to the centre of the strip. In order to ensure
proper interaction with the host structure, the NBPS has to
be properly secured on the surface of the structure. In the
previous system proposed by authors, jubilee clamps were
employed [10] and circumferential strain was measured for
the best possible configuration as 316 um/m. Still, due to
the mechanical means of tightening the clamps via screws,
there is a tendency of bending of aluminium strip which
may result in damage to the PZT patch itself. Also, the pro-
cess is a bit tedious for field applications and the tightening
may cause discomfort to the subject. Thus, there is a strong
need to employ a fast and automated means of gripping with
mechanical interaction between bones and NBPS as equally
effective as that of the jubilee clamps.

Some categories of metallic alloys have special ability
to memorize their shape at a low prolonged temperature,
and on deformation, return to their predeformed shape upon
heating beyond their “transition temperature” These alloys
are called shape memory alloys (SMA).The recovery of
strains induced in the material at low temperatures, carried
out by heating is called the shape memory effect (SME).

Buehler and Wiley [11, 12] discovered a Nickel-Titanium
alloy in 1961 called nitinol (NiTi) that exhibited a much
greater shape memory effect than the previous materials.
Raychem Corporation was the first to successfully employ
SMA in fasteners and tube couplings for the hydraulic sys-
tem of the F-14 aircraft. The shrinkage of the Ni—Ti tube
diameter at high temperature resulted in sealing of the joint
with the couplings. This paper presents the development
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of an automated gripping for NBPS to the host surface,
employing shape memory alloy (SMA) wires [13] as an
alternative to jubilee clamps.

This paper also applies a new approach for bone identi-
fication and osteoporosis detection using impedance based
equivalent stiffness and mass parameters. In the past, quanti-
tative assessment of the elastic properties of resected human
breast tissue samples subjected to axial compressive loading
in vitro was conducted using optical coherence tomographic
(OCT) elastography technique [14]. Besides this, the onset
and quantification of carbonation induced corrosion was
detected using impedance based equivalent parameters [15].
Li et al. [16] proposed a novel corrosion monitoring method
wherein the EMI signatures of the smart corrosion coupon
(SCC) under varying degree of corrosion were acquired and
analyzed. The novelty of the experiment lies in the fact that
unlike all previous studies [17, 18], the parameters corre-
spond to different bone specimens instrumented with dif-
ferent PZT patches. All previous studies, on the other hand,
monitored degradation of same component using the same
PZT patch. In addition to this, a new expression for admit-
tance of PZT patch attached to the bone is also formulated.
The forthcoming sections of the paper cover a brief introduc-
tion to EMI technique, NBPS configuration, experimental
details and impedance-based analysis.

2 EMI technique: DBPS and NBPS
configuration

In the EMI technique, a PZT patch is bonded to the host
structure and then electrically excited over a high frequency
range (30—400 kHz). When electrically excited, the patch
acts as an actuator. The same patch simultaneously acts as a
sensor and acquires the characteristic admittance signature
of the host structure, consisting of the conductance (real
part) and the susceptance (imaginary part), which serves as a
unique identifier of the monitored system. The acquired sig-
nature represents the dynamic characteristics of the structure
and changes discernibly on the occurrence of any changes in
mechanical conditions of the host system, even though too
small on macroscopic scale. This technique has especially
been very effective for localized structural investigation. Lim
et al. [19] assessed PZT based EMI technique for real time
monitoring of curing of structural adhesives. Further Wan-
dowski et al. [20] investigated the influence of temperature
on resistance in electromechanical impedance technique. It
dealt with damage detection under varying temperature.
DBPS configuration comprises of a PZT patch bonded
to the surface of the subject with araldite. In the NBPS con-
figuration, the PZT patch is first bonded to a very thin metal
plate (92 x 15 x 1 mm?), which is in turn clamped on to the
bone or live subject. Lu et al. [21] proposed a smart probe
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Fig. 1 Bone with DBPS and NBPS configuration

in which the PZT patch was not directly bonded to the host
structure, but was bonded on a pre-fabricated aluminium
beam, termed as smart probe. They also improved upon the
model by explicitly formulating the distributed stiffness and
mass of a segment of the embedded smart probe [22]. The
smart probe is quite similar to the NBPS proposed earlier
by the authors for biomedical health monitoring [10]. Quan-
tification of damage and osteoporosis was also attempted
[23]. Hence, there is good possibility of further exploration
of NBPS in relation with the smart probe. Both DBPS and
NBPS are shown in Fig. 1. In such a configuration, upon
excitation by LCR meter, the PZT patch generates station-
ary waves on the metal plate, which interact with the host
structure mechanically through the securely tied clamps. As
soon as any structural change (such as damage) occurs on
the host structure, the stationary waves in the metal plate
and the reflected waves from the damage intermingle with
one another, resulting in change of the admittance signature,
providing an indication of the physical change. The clamps
were tightened by rotating the ratchet with a screw driver
and an electrical strain gauge instrumented on the clamp
in circumferential configuration provided a measure of the
tightness. The conductance signatures are acquired under
three different conditions namely; (a) open clamp (b) par-
tially tightened clamp (c) fully tightened clamp.

3 Experimental methodology for NBPS grip
automation

A 0.25 mm diameter flexinol NiTi wire (manufactured by
Muscle Wires (www.musclewires.com)) which has a maxi-
mum pull force of 89.1 N at a current of 1A was employed.
The NBPS strip was held against the surface of the bones
by wrapping the SMA wires as shown in Fig. 2a, b. Further,
from Hooke’s law, the force produced by the SMA wire is
given by

F = YAe (1)
and
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Fig.2 Arrangement for NBPS clamping using SMA wires. a Healthy
bone, b osteoporotic bone

A =zDd (2)
where ¥=280x 10° GPa is the Young’s modulus of NiTi
wire, € is the strain, d is the diameter of the wire, A is the
cross-sectional area on which the force acts for a single turn
of SMA wire over the bone and D (=25 mm) is the diameter
of the femur. This area represents that portion of the wire
which is in contact with the bone and is thus transmitting the
force to the bone. Length of wire in one turn over the bone
was 78.5 mm. As per the material data sheet provided by
the manufacturer, NiTi wire of 0.25 mm diameter produces
a force of 89.1 N at a current of 1 A. From these equations,
strain came out to be 56.72 ym/m for 78.5 mm length of
SMA wire. The strain produced in SMA wire is found to be
proportional to its length [24]. Hence, to produce a strain of
316 pum/m (equivalent to that of jubilee clamp used previ-
ously), 437 mm length of SMA wire (equivalent to almost
6 turns of wire over the bone) is required. Thus, 1 m length
of SMA wire shall be more than sufficient in generating the
required force for the given set of experiments. Since, the
Young’s modulus of SMA wire varies on heating, it is to
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be noted that Young’s modulus for austenite phase of NiTi
wire has been used because it gives the maximum limit of
the length of SMA wire needed for providing the required
strain. The SMA wires were held in position with the sup-
port of the metal hooks at the end (see Fig. 2a). The open,
partially tightened and fully tightened clamp configurations
as in the case of jubilee clamps were replicated in case of
SMA wires by passing 0, 0.5 A and 1.0 A current in the wire
respectively with the help of a constant current power sup-
ply. In case of jubilee clamping, the open, partially tightened
and fully tightened clamps represent different levels of screw
tightening in terms of strain, that is 0, 160 and 316 um/m,
respectively). The experimental set up is shown in Fig. 3.
Excellent repeatability for the partially tightened and fully
tightened SMA based NBPS configurations is evident from
Fig. 4a, b. Figure 5a, b compare the conductance signatures
of the SMA based NBPS with the jubilee clamp based NBPS
for the three levels of clamp tightening. The figures show
similar kind of trend wherein the piezo peaks subside and
the structural peaks strengthen as clamping progresses from
the open to the partially tightened and finally to the fully
tightened NBPS configuration. Figure 6 compares the signa-
tures of the healthy and the osteoporotic bones. From Fig. 6a
it is observed that for fully tightened SMA based NBPS con-
figuration, the peak shifts appreciably towards higher fre-
quencies as osteoporotic condition develops. This is consist-
ent with the bond for the jubilee clamp in Fig. 6b. Hence, the
SMA based clamping is equally effective as compared to the
jubilee clamp based clamping. However, while the jubilee
clamp based gripping is tedious and could be bit painful for
the subject, the SMA based clamping is instantaneous and

CONSTANT
CURRENT
POWER SUPPLY

QSTEOPOROTIC BONE

N1\ Iy

Fig.3 Complete experimental set up
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Fig.4 Repeatability of conductance signatures for SMA based
NBPS. a Partially tightened condition, b fully tightened condition

can be achieved through electric current. Small time dura-
tion involved implies good practical feasibility in real-life
conditions. The next section covers the impedance analysis
based physiological decay and damage detection of bones.

4 Impedance based bone diagnostics
4.1 Electrical and mechanical systems impedance

The concept of mechanical impedance is analogous to elec-
trical impedance in electrical circuits [25]. By reducing
the differential equations of complex mechanical systems
to simple algebraic equations, the impedance approach
permits a simplified analysis of complicated mechanical
systems [26]. On analysis, it is found that a single degree
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Fig.6 Comparison of conductance signatures of healthy and osteoporotic bone for fully tightened NBPS configuration a SMA wire based
clamping, b Jubilee clamping

of freedom (SDOF) spring-mass-damper system is math-  term is analogous to the current and the mechanical force is
ematically analogous to a series LCR circuit in the classical ~ analogous to electromotive-force (voltage).
electricity as shown in Fig. 7a, b. The instantaneous velocity
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Fig.7 a Mechanical system, b
Electrical circuit

(@)

Consider a dynamic force F at an angular frequency
applied on a single degree of freedom spring- mass-damper
system (Fig. 7a). Let the instantaneous velocity response be

X =X, cos(wt — ¢) 3)
where X, is the velocity amplitude and ¢ the phase lag of the
velocity with respect to the applied force. By simple integra-
tion and differentiation of Eq. (3) respectively, the displace-
ment and the acceleration can be determined. Thereafter,
forces due to all structural elements including the spring
(elastic force F), damper (dissipative force F,;) and mass
(inertial force F;) can be determined. Thus

Damping force F,; = ck = cx, cos(wt — ¢p) 4)

Inertial Force F; = mx = mx,wcos(wt — ¢+ 7w /2)
&)
kA‘xO

cos(wt — ¢ — n/2) (6)
w

Spring Force F,=kx=

The basic elements viz the mass (m), the spring (k) and
the damper (c) can be combined together in a number of dif-
ferent ways (series, parallel or mixture) to evolve complex
mechanical systems [27]. Mathematically, analogous behav-
iour of the parallel mechanical system (Fig. 7a) with series
LCR circuit (Fig. 7b) in classical electricity can be observed
from Eqgs. (4) to (6). The instantaneous velocity (x) is analo-
gous to the current (I) and the mechanical force is analogous
to the potential difference (V) across the LCR circuit. The
damper is analogous to the resistor, since damping force is
in phase with instantaneous velocity. The mass is analogous
to the inductor as the inertial force leads the instantaneous
velocity by 90°. Similarly, spring force is analogous to the
capacitor, since it lags instantaneous velocity by 90°.

The electrical impedance Z, = % is analogous to the
mechanical impedance, that is

_F
Zl =~ (7

(b)

The next section presents the mathematical approach to
carry out an impedance-based identification of the experi-
mental bone specimens and employ the same for more rigor-
ous diagnosis of the bone.

4.2 Methodology and physical interpretation

In the impedance based structural identification associated
with EMI technique [27], both the real and the imaginary
parts of the raw complex admittance acquired from the
instrumented PZT patch are employed to obtain structure
specific parameters. The absolute mechanical impedance is
given by Z = \/x2 + y? where ‘x’ is the real part and ‘y’
the imaginary part of the drive point mechanical imped-
ance of the host structure. Hence, these are the apparent
structural parameters at the end of PZT patch. Compared to
the stresses and strains, these parameters are more sensitive
to structural damages [28, 29]. Applying the principle of
active and passive signature decomposition, the mechanical
impedance of the host structure can be determined from the
admittance signatures of the surface bonded PZT patches
[28, 29]. In this section, same procedure has been extended
to the PZT patches in NBPS configuration.

The admittance (Y) signatures can be separated into
active and passive component as [27]

Y=Y, +7, @®)
where Y_A is the active component comprising of structural
impedance term and Y is the passive component comprising
of only PZT impedance term. Y, can be further broken down
into real and imaginary parts expressed as

Y, =Gp+Bpj ©)
Passive conductance (Gp) and Passive susceptance (Bp)
can be determined with appreciable accuracy from PZT

parameters deduced from the signature of PZT patches in
free—free condition prior to bonding on the host structure.
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It is the active component which is affected by damage and
can be deduced by filtering the passive component from the
raw signatures, as expressed by

Y =Y -Y,=(G-Gp)+(B-Bp) (10)
Hence,

G,=G-Gp (11)

and

B,=B-Bp (12)

In complex form, the active component can be expressed
as [27]

8wd? YEI2 7  _
31 a .

T 13

wi—v z+z2'Y (13

Y_A=GA+BAj=

where [ is the half length of the PZT patch, T the complex
tangent function, Z the complex mechanical impedance of
the structure, Z, the complex mechanical impedance of the
PZT patch, dj, is the piezoelectric strain coefficient of the
PZT patch, YE is the complex Young’s modulus, # is the
thickness of the PZT patch, v is the poisson’s ration, G and
B are the raw conductance and susceptance respectively
and G, and B, are the active conductance and susceptance
respectively. Substituting YE = YE(1 + 5j) where 7 is the
mechanical loss factor and T=r+ij into equation and rear-
ranging the various terms, the following expression can be
obtained

Z
P+Qi=< . >(R+Sj) (14)

Z+2Z,

where the terms P,Q, R and S can be expressed as

B,k Gh 243, YE
P=—— and Q=- where K =
4wKI> 4wKI> I-v
(15)
R=r—nt and S=t+yr (16)

Further, substitute Z=x+yj and Z,=x,+y, where x, is
the real part of the mechanical impedance of the PZT patch
and y, is the imaginary part of the mechanical impedance of
the PZT patch. Upon solving, the real and imaginary com-
ponents of the EDP structural impedance can be obtained as

Px,R-y,5+0x,S+y,R)
x= - x,
P2+ Q?

a7

Px,S+y,R)— Q(x,R—-y,S)
y= -

The impedance (x, y) can be plotted as functions of fre-

quency for some possible combinations of the basic ele-
ments. Based on the closeness of the extracted mechanical
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impedance, to standard systems, the unknown structure can
thus be idealized as an equivalent structure (series or paral-
lel combination of the basic elements), and the equivalent
system parameters can thereby be determined [27]. The next
section employs the procedure to the NBPS based PZT patch
on the experimental bones.

4.3 Impedance based identification
for experimental bones

4.3.1 Healthy and osteoporotic femurs with jubilee clamps
based NBPS configuration

The two femurs, one in healthy state and the other in osteo-
porotic state (see Fig. 2a, b), were considered to demon-
strate the proposed method of impedance-based diagnosis.
The osteoporotic bone was designed by the manufacturer
in a manner such that holes were drilled on half sec-
tional cut surface of the bone. A close examination of the
extracted impedance components in the frequency range of
70-100 kHz for the healthy femur suggested that the system
behaviour was similar to a series spring, mass and damper
(k—c—m) combination, shown in Fig. 8. For this system, the
real (x) and imaginary (y) parts of the mechanical impedance
of bones are related to the components k, ¢ and m [27] by

_ c! —(w/k — 1/com)
- 2+ (w/k — 1 /om)* B 2+ (w/k — 1/om)*
19

Figure 9a shows the typical variation of a series k-m—c
system and Fig. 9b that of the experimental bone. The
similarity between the two suggests that the choice of the
series k-m-c system is satisfactory. The frequency at which
y crosses the frequency axis is given by

w, =\k/m 20)

Using Eqgs. 17, 18 and 19, the system parameters, can be
determined, by algebraic operations, as [27]

c=1x, @1
xx2 [ 0? - &?

m=q —— ( L “> (22)
X, =X\ @20
c k m

Fig.8 Spring, mass and damper series combination representing
healthy bone
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and

(23)

From these equations, for healthy bone, a set of sys-
tem parameters ¢ =15.179 Ns/m, k=7.386x 10° N/m and
m=2.27x 107> kg were worked out. Using these param-
eters, the variation of ‘x” and ‘y’ (using Eq. 19) produced
a pattern shown in Fig. 10. The pattern is compared with

of the extracted impedance components in the frequency
range of 75-100 kHz suggested that the system behaviour
was similar to a parallel combination of spring and damper
in series with a mass, as shown in Fig. 11. For this system
[27]

cm2w2

= ¢z + (wm — k/w)?

mo [02 - i(a)m - k/a))]

d =
aney ¢z + (wm — k/w)?

@4

If x=x,, (the peak magnitude) at w =w, and x=x; (some-
what less than peak magnitude) at

o =w/, the system parameters are given by solving the
following system of equations

Fig. 10 Mechanical impedance 25 25
of healthy bone in 70-100 kHz
frequency range using jubilee 20 20 A
clamps. a Real part (x) versus
frequency, b Imaginary part (y) 15 4 —_ 15 1
vs frequency A E 10 4
2 2
£ 10 A =
x > 5 1
51 0
0 T T - ' !
70 20 90 100 70 80 90 100
Frequency (kHz) Frequency (kHz)

(@

Experimental bone system

(b)

Equivalent system
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N (2) 2xox1a)i a)%x(z) }'jtlz;li:; ClSa}rfzgasrn parameters for healthy and osteoporotic bone using
c —x; | +c| xx, — + 20,0 — —
@) 1 @5 System parameters Healthy bone  Osteoporotic bone % Change
W o

a2+ =52 = 2, = (25) ¢ (Ns/m) 15.179 0.3011 98

w; ) m (kg) 2.27x107° 0.6292x 1073 72

k (N/m) 7.386 % 10° 2.077 % 10° 72

(26)

the case of jubilee clamps which was analogous to a series
‘e spring, mass and damper (k—c—m) combination. For the
k = # @7 healthy bone, a set of system parameters ¢ =14.179 Ns/m,

These equations resulted in a set of system param-
eters ¢=0.3011 Ns/m, k=2.077 x 10® N/m and
m=0.6292x 107> kg for the osteoporotic bone. Use of these
parameters in Eq. (24) produced an impedance pattern as
shown in Fig. 12. Again, reasonably good agreement can
be observed between the plots obtained experimentally and
those pertaining to the equivalent system. Table 1 shows the
percentage change in the dynamic properties of bone with
osteoporotic degradation using jubilee clamp based NBPS
configuration. It is to be noted that the impedance parameters
are extracted from the raw conductance signatures and then
they are compared with the standard models [26]. Thus these
models reflect the dynamic characteristics of the structure and
are not based on author’s assumption. Thus different models
represent the change in any structure/bone after damage.

4.3.2 Healthy and osteoporotic femurs with SMA wires
based NBPS configuration

A close examination of the extracted impedance compo-
nents in the frequency range of 100—120 kHz for the healthy
femur suggested that the system behaviour was similar as in

k=6.384x10% N/m and m = 1.87 x 107> kg were worked out.
Using these parameters, the variation of ‘x” and ‘y’ produced
a pattern shown in Fig. 13. Again, reasonably good agree-
ment can be observed between the plots obtained experimen-
tally and those pertaining to the equivalent system implying
a good degree of system identification.

Again a close examination of the extracted impedance
components in the frequency range of 100-120 kHz for the
osteoporotic femur suggested that the system behaviour was
similar as in the case of jubilee clamps which was anal-
ogous to a parallel combination of spring and damper in
series with mass. For the osteoporotic bone, a set of sys-
tem parameters ¢ =0.2879 Ns/m, k=1.346 X 10° N/m and
m=0.4582 x 10~ kg for the osteoporotic bone. Using these
parameters, the variation of ‘x’ and ‘y’ produced a pattern
shown in Fig. 14. Again, reasonably good agreement can
be observed between the plots obtained experimentally and
those pertaining to the equivalent system. Table 2 shows the
percentage change in the dynamic properties of bone with
osteoporotic degradation using SMA wires based NBPS
configuration. All the three properties i.e. k, m and ¢ reduce
drastically with transition from healthy to osteoporotic
bone. The percentage reduction is quite high because for

Fig. 12 Mechanical imped- 50 30
ance of osteoporotic bone in 45 - 25
70-95 kHz frequency range 20 20 1
using jubilee clamps. a Real
part (x) vs frequency, b imagi- 351 15 1
nary part (y) vs frequency T 301 T 10 A1
g 25 A % 5
< 4
x 20 1 ; 0 A
15 5 A
10 -10 1
5 -15 A
0 . : . . -20 ; . . .
70 75 80 85 90 95 70 75 80 85 90 95

Frequency (kHz)

(@

Experimental bone system
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Table2 System parameters for healthy and osteoporotic bone using
SMA wire based clamps

System parameters Healthy bone  Osteoporotic bone % Change
¢ (Ns/m) 14.179 0.2879 98

m (kg) 1.87x107° 0.4582x107° 75.4

k (N/m) 6.384x10° 1.346x 10° 79

simulating osteoporosis effect, a sectional cut was already
given to the bone which reduced its mass. The comparisons
of Tables 1 and 2 shows that the SMA clamped NBPS sys-
tem is at par with the jubilee clamp based NBPS system as
far as bone diagnosis is concerned.

From comparison of the values of the identified system
parameters for femurs with jubilee clamp based NBPS, it
can be ascertained that due to osteoporosis, the piezo iden-
tified stiffness and mass both are reduced by 72% and the
damping is reduced by 98%. This indicates a high degree
of structural degradation resulting from experimentally

Frequency (kHz)
(b)

Equivalent system

simulated osteoporosis as well as the half sectional cut given
by the manufacturer with holes drilled on the bone surface to
induce osteoporosis, latter effect being the major contribu-
tor. The high severity can also be recognized by the fact that
the identified equivalent system underwent drastic change,
transforming from series k—m—c system (Fig. 8) to a paral-
lel k—c system in series with m (Fig. 11). Similarly with
SMA clamping, the stiffness gets reduced by 79%, mass by
75.4% and damping is reduced by 98%, thereby indicating
that SMA clamping is equally effective as jubilee clamping.

5 Quantification of NBPS clamping

Using Eqgs. (13) to (18), the absolute structural mechani-
cal impedance Z = 1/x% + 2 can be calculated from the
conductance and susceptance signatures for both the NBPS
(Zngps) and the DBPS (Zppps) configurations. From analy-
sis, the average of the values of impedance at each frequency
in the given range gives a relation, that is, Zpgps=a Zygpg
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where a is the clamping factor. Average value of @ came out
to be 0.648. Thus, we get a modified admittance equation for
NBPS configuration which is given by

> . wl [ =7
Y,=G+Bj= ijz [£3T3 - dleE]
wl| » == Z, tan kI
20j¥ |2 Y[ Lo <—>
* wjh[“ <aZ+Za> ki ]

6 Conclusions

(28)

This paper has further extended the proof-of-concept NBPS
configuration employing jubilee clamps to fully autono-
mous SMA based clamping, which can be activated by
means of a battery induced current. It is almost instanta-
neous and reversible. These results also indicate that for
the particular case of femurs, fully tightened clamping of
NBPS configuration employing SMA wires is as effective
as mechanical jubilee clamping for the same level of tight-
ening. Also, there are less chances of PZT patch damage,
since the bending effect in the NBPS aluminium strip has
significantly reduced. Thus SMA wires can prove to be a
futuristic clamping tool for NBPS which ensures better
mechanical interaction of the NBPS with the structure. In
the present investigation, the parameters corresponded to
different bone specimens instrumented with different PZT
patches. All previous studies, on the other hand, monitored
degradation of same component using same PZT patch. In
addition, this is the first ever extraction of system parameters
from non-bonded configuration. The study provides a para-
metric quantification of bone degradation. Presently, only
proof-of-concept demonstration is provided in this paper.
This approach can be further employed to develop empiri-
cal correlation between the equivalent parameters with the
extent of osteoporosis after experimental analysis of large
number of subjects.
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