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Abstract

This paper presents an integrated probe, designed to measure the rheological properties of the skin in
situ. It includes two piezoelectric bender actuators and strain gauges as sensors. The advantage of the
proposed probe is that the measurements of tip force and displacement are accomplished without external
devices. A feedback voltage control is applied to control the vibration amplitude of the piezoelectric
benders. Through feedback from integrated strain gauges, the displacement control is achieved. As
shown in the simulation, the closed-loop system is robust to disturbance and uncertainty. The proposed
probe may be used to measure skin mechanical impedance.

Introduction

Pressure ulcers (PUs) are a worldwide health issue. The treatment is usually expensive. PUs at an
advanced stage can even be life-threatening [1]. Early diagnosis is recommended to prevent PUs. PUs
are associated with the sub-epidermal moisture (SEM) change [2]. Based on this knowledge, devices
such as Provizio™ SEM Scanner (Bruin Biometrics, LLC, Los Angeles, CA, USA) have been developed
for early detection. SEM Scanners measure electrical capacity resulting from the moisture variation [3].
But the diagnostic specificity of the device is limited to 32.9% [4]. Furthermore, the measurements from
SEM Scanners are unitless, which is barely related to the mechanical properties of the skin. Therefore,
this research aims to improve the measurement and evaluation of skin properties from a mechanical point
of view.

The skin mechanical properties have already been widely studied, with tests of extensometry [5], inden-
tation [6], suction [7] and torsion [8], etc. Research on skin mechanical impedance (MI) for diagnosis
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is very limited. In [9], an impedance head was used to measure the MI of the gel tissue model and the
skin. The authors discovered that the softer structures (gel with high water content and pitting edema) are
characterised by lower MI. However, the impedance head has an inevitable measuring error in accelera-
tion [10]. A piezoelectric actuator working at resonance mode was exploited to identify skin mechanical
properties (stiffness and viscosity) under indentation [11]. Nevertheless, the proposed system was not
stand-alone, since the measurements of force and indentation depth depended on external devices.

Hence, we propose an integrated probe to estimate skin MI more accurately. It includes piezoelectric
actuators and strain gauges. Since MI is sensitive to the moisture level, the proposed MI probe will
assist in the early detection of PUs. Our probe is designed based on the methodology presented by Wang
et al [12]. In their study, the authors established a dual-pinned structure to stretch skin tangentially.
Compared to the dual-pinned structure, the proposed probe is easier to implement with a simple clamped
cantilever structure. This paper focuses on the estimation of skin mechanical impedance, where control
on displacement is applied.

Mechanical impedance probe design

To perform tangential stretch to the skin, two piezoelectric benders are employed as actuators. Fig. la
shows the interaction between the proposed probe and the skin. The benders are clamped to each other
at one end, working symmetrically. A set of strain gauges are used to measure flexural strain. Fig. 1b
depicts the geometry of the MI probe taking one piezoelectric bender as an example. For each bender,
we use a pair of strain gauges (RS PRO 632-168) and two resistors, forming a Wheatstone bridge to
measure the local strain at the position of strain gauges (/;). The gauges are placed on the top and bottom
surfaces of each bender. In such a way, when bending, one strain gauge is compressed while the other
one is extended. The output of the bridge is then amplified by an instrumentation amplifier (INA826).
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Fig. 1: (a) System diagram. (b) Geometry of piezoelectric bender with bonded strain gauges. / and I
indicate the total length of the piezoelectric bender and position centre of strain gauges, respectively.

The two main requirements of the conceived probe are robustness and cost-effectiveness. The dual-
pinned structure developed in [12], allows a perfect matching of the actuator’s stiffness with skin stiff-
ness. However, a dual-pinned structure is hard to build since it requires a set of pins that have to be
positioned with high precision. In contrast, a clamped cantilever structure is easier to integrate, bene-
fiting from recent advances in piezo materials. In Fig. 2, the behaviours of piezoelectric bender from 6
manufacturers are compared. The skin behaviours are depicted as references with an initial gap (initial
distance between the two bender tips) of 0.25 mm and 1 mm, respectively. The skin curves were derived
from data in [13]. The largest skin displacement is achieved with PB4NB2S from ThorLabs, referring
to the intercept points of piezoelectric bender curves with skin curves. Besides, comparing the nominal
voltage (denoted as Vmax in Fig. 2), a relatively low voltage is required for PB4NB2S to reach the same
displacement. It is obvious that among all the benders, PB4NB2S from ThorLabs is a preferable bender
model, considering its high stiffness, large enough deflection when loaded with skin, and less power
consumption. Given the effortlessness in mounting, a clamped cantilever structure is recommended.

To drive each bender, a switching amplifier is employed instead of a linear amplifier to reduce power
losses. A pulse width modulation is adopted to control the voltage supplied to the bender. The switching
frequency is set to 25 kHz to avoid generating audible noise. A half-bridge driver (IR2302) is used to
drive the two N-channel power MOSFETs, which form a leg. For the purpose of control, the driving
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voltage and the current of the bender are monitored. This current is calculated from the voltage drop
through the resistor Rg. Fig. 3a depicts the driving circuits and monitoring circuits. Fig. 3b shows that
the driving voltage of the bender is controlled successfully with the designed electrical circuits.

0.8 T T
-------- skin (initial gap 0.25 mm)

o I 00000 == skin (initial gap 1 mm)
’ Noliac CMBP07: Vmax 200
—<&— PiezoDrive BA5010: Vmax 150

0.6 ——%—— ThorLabs PB4NB2S: Vmax 150
] Bimitech PBA3020-5H200: Vmax 160
B ——— PIPL128.10: Vmax 60
=3 —#—— PIEZO T220-H4BR-1305YE: Vmax 180
§ 04 % —— PIEZO T220-H4BR-1305YE dual-pinned: Vmax 180
L

0.3

0.2

\4
1.5
displacement (mm)

N

2.5 3

Fig. 2: Piezoelectric bender selection. The parameters used to draw the bender curves were from man-
ufacturers’ data sheets, except for PIEZO T220-H4BR-1305YE adopted from [14]. This bender from
PIEZO (used to be T220-H4-303Y) was used in [12, 13, 14] and its behaviour with dual-pinned structure
was added to compare. Skin curves were derived from data in [13]. Note that the proposed probe has
two benders working symmetrically, thus, the displacement value here is the displacement sum of the
two benders.

Measuring principle

The mechanical impedance 7 illustrates how much a structure resists to motion when subjected to a
harmonic force [15]. It is defined following (1), where f is the harmonic force and v is the resulting
velocity. In our case, f is the f, in harmonic mode. v is the first order derivative of d.
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From the constituent equation of cantilever piezoelectric bender [16], tip displacement & can be deter-
mined from a linear superposition of the supplied voltage V and the external force f, (acting at the bender
tip, perpendicular to the beam). Referring to Fig. 1b, in static state, this relationship is expressed as (2):

d=SaV —Sarf; 2)

where S, and S, represent the sensitivity of tip displacement to supplied voltage and external force,
respectively and the sign convention is illustrated in Fig. 1b. The tip force and displacement should be
measured to obtain the mechanical impedance. In (2), the supplied voltage V is already known, but to
further obtain f, and J at the same time, one more formula is needed. Hence, strain gauges are utilised.

The strain gauges measure the average flexural strain g along its length. Subjected to voltage and external
force, g is determined by (3) [17]:

g=SaV —Sesf; )

Similar to (2), S, and S, in (3) represent the sensitivity of g to V and f,, respectively.
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Fig. 3: (a) Electrical scheme of driving circuits and monitoring circuits for one bender. The bender is
represented by its capacitance (2 x 0.55uF). (b) Example of pulse width modulation. The blue curve is
the pulse signal given to the half-bridge driver. The red curve is the output of the switching amplifier (the
leg). The yellow curve is the voltage before the damping resistor (Rg). The green curve is the voltage
after Rg, i.e., the driving voltage of the bender.
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From a global view of the designed electromechanical system, the bender driving voltage V and the
output of strain gauges g are measured and may be considered as the inputs. The outputs of this system
are the tip displacement & and force f,. Consequently, the tip displacement and force of piezoelectric
bender can be estimated from (V, g), given by (4)

-l & 4
[va Gre |8 @

where Gg,, Gag, Gy, G, are the gains to be identified. Comparing (4) to (2) and (3), we obtain (5)

3
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Ser &)
Gpv=5%,Gre = —5.

_ Sy _ Sar
{de =Say— Sdf@, Gug = S
Sef

Hence, the identification of the gains can be achieved by identifying the sensitivities, i.e., Sqy, Saf, Sev,
and S, . In this section, an estimator on tip displacement and force is developed.

System identification and model

To estimate tip displacement and force, sensitivities related to (2) and (3) have been identified. The free
stroke (where f, = 0) and blocking force (where & = 0) of the piezoelectric bender have been measured
with a laser sensor and an external force sensor (FSS low profile force sensor), separately. Fig. 4 shows
the measuring results with a sinusoidal driving voltage at 1 Hz, full scale. Note that the full-scale voltage
here is slightly less than the nominal value for the sake of protection. Hysteresis exists between free
stroke and driving voltage, which is captured by the signal from strain gauges. When the bender is
blocked, no hysteresis appears between blocking force and driving voltage, neither in the output of
strain gauges. These phenomena lead us to a hypothesis that the hysteresis is displacement-dependent
considering the presence of external force in addition to the driving voltage.
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Fig. 4: (a) Free stroke and blocking force against driving voltage. (b) Strain gauge signal against driving
voltage when the bender tip is free and blocked, respectively.

The piezoelectric bender can be modelled by (6) [18]:
M8+ DS+KS=NV — f, (6)

where M, D, K, and N are the mass, damping, stiffness, and force factor of the piezoelectric bender,
respectively.

As the proposed probe operates in quasi-static condition, (6) can be simplified as (7)

N 1
S="y_ 7
x’ "k )
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Comparing (7) to (2), we obtain K = i. N can be identified from blocking tests, with N = %|5:0. To
design the controller, the piezoelectric bender is modelled as a first-order system, considering D and K.
D has been identified through a frequency sweep with a low amplitude driving voltage. The results of
system identification are summarised in Table I. The negative sign is related to the mechanical mounting

of the two benders and the sign convention defined in Fig. 1b.

Table I: Results of system identification

D(N-s/mm) K N/mm) N (N/V)
0.0884 x 1073 2.075 -0.0118

System control and simulation

Skin is known as a non-homogeneous, anisotropic, non-linear viscoelastic multi-component material [19].
To ensure the repeatability and comparability of the measurements, closed-loop control is required. As
discussed in the previous section, the hysteresis behaviour depends on displacement. Thus, the vibra-
tion amplitude of the piezoelectric bender is controlled. Fig. 5 presents the feedback control scheme on
bender tip displacement . The piezoelectric bender is modelled by a first-order system. To follow the
reference displacement 8.7, a PI controller is designed to tune the driving voltage V. System simula-
tion is implemented with Matlab Simulink, usAing the parameters from system identification (Table I). In

practice, the feedback signal is the estimated 9.

Fig. 6 shows the closed-loop response of the system presented in Fig. 5. The reference signal d,.f
is a sine waveform at 1 Hz, with an amplitude of 0.1 mm. The external force f, is derived from a
linearised viscoelastic skin model proposed in [13]. Moreover, non linearity (hysteresis) is added to
the piezoelectric bender model. The performance of the controller is evaluated by the relative peak—toA—
peak error between system output 8 and the reference §,.¢. To evaluate the accuracy of the estimator, &
and J are compared. Results show that both for controller and estimator, the relative peak-to-peak errors
are 5%. It is confirmed that the system can reject the disturbance and uncertainty. The error in estimation
can be explained by the linear modelling of strain gauges in simulation (referring to (3)). In reality, strain
gauges capture the hysteresis phenomena of the piezoelectric bender.

@i FAD>— @~

Fig. 5: Closed-loop control of the vibration amplitude. C(s) is the controller and H (s) is the process.

With the skin model and skin parameters provided in [13], the frequency response of skin over 1 Hz—
1000 Hz is studied through simulation. To introduce skin changes, one of the skin parameters (viscosity
T32) is varied. The diversity of mechanical impedance of different skins is demonstrated in Fig. 7. Below
20 Hz, MI magnitude decreased obviously for the skin with a lower 1. This finding is in good agreement
with [9], regarding that low viscosity corresponds to high water content. In [20], higher sub-epidermal
moisture is associated with PUs. Hence, a lower mechanical impedance is expected for skins at risk of
PUs. It is observed that the MI phase can also imply changes in skin condition. Therefore, the magnitude
and the phase of mechanical impedance can be used for skin characterising. Additionally, the frequency
range can be narrowed to 1 Hz—100 Hz or less, as skins’ behaviour changed significantly within this
range.

Discussion

This research is inspired by the work in [12]. Our contributions here are twofold. On one hand, we
simplified the mechanical structure of the probe. On the other hand, we achieved a robust control on tip
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Fig. 6: Closed-loop response of the system at 1 Hz in simulation. The external force is given by a
linearised skin model. Top: external force (f,); middle: reference input (5,.r), output of the system (),
and estimated value (8); bottom: output of the controller (V).
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Fig. 7: Mechanical impedance of skin with different viscosities (1). Skin parameters from [13].
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displacement without external device needed. In [13], control was implemented with an external laser
sensor. In our case, the control is achieved with a feedback signal given by the internal estimator we
developed. This feature makes the system easy to be compact.

As seen in Fig. 5, the driving voltage is tuned to control the behaviour of the piezoelectric bender.
Compared to charge control, the electrical circuit is less complicated for feedback voltage control [21].

The nonlinearity (hysteresis) of piezoelectric ceramics is a common issue, which affects the accuracy of
positioning [21]. For the proposed system, the signals from strain gauges reflect the hysteresis behaviour,
which contributes to the accurate estimation of tip displacement with (4).

Conclusion

An electromechanical probe, based on piezoelectric benders and strain gauges, is proposed to measure
the mechanical properties of skin in situ. With this device, skin displacement and force are obtained si-
multaneously without external devices. Through an internal estimator, the control on vibration amplitude
is accomplished. Simulation results show that the closed-loop system is robust to reject low-frequency
load. Currently, we are working on the implementation of the real system.

Skin responses in simulation indicate that mechanical impedance can be used to evaluate skin conditions.
Specifically, a low impedance magnitude is expected for skin at risk of pressure ulcers. This finding needs
to be confirmed with in vivo tests.
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