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GENERAL INTRODUCTION

SENSORS

Definitions and Classification




Definitions: Sensors & Transducers
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Sensors detect physical properties of their environment, e.g., temperature,
pressure, speed, called measurands, and translate them into electrical signal. This
conversion typically involves changes in properties of electrical components -
resistance, capacitance, inductance, or directly in current/voltage. For instance, a
thermistor's resistance varies with temperature (R=f(T)).

Sensor output often requires signal conditioning (e.g., conversion, filtering,
amplification, linearization), specific to the sensor type.

When integrated with conditioning and interface for display, the sensor becomes
part of a transducer. For example, a standalone thermistor is a sensor, but within a
larger circuit or device, it becomes a component of a transducer, such as a
thermometer.



Classification based on the power requirement

= Active sensors: Convert a form of energy into another form
(electrical) without using an external source of power.
Examples: Electrodes, Piezoelectric

= Passive sensors: Convert a form of energy into another form
(electrical) by making use of an external source of power.

Examples: Resistive, Inductive, Capacitive
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Sensors are often classified as active or passive based on whether they need an
external power source to operate. Active sensors do not require an outside power
supply to produce a signal; they directly convert the measured phenomenon’s
energy into an electrical output. For example, a thermocouple generates a voltage
from a temperature difference on its own (no external excitation needed). Passive
sensors, on the other hand, do require external energy or excitation to function.
They typically modulate or respond to an applied electrical signal rather than self-
generating one. For instance, a resistance temperature detector (RTD) needs a
current passed through it to detect temperature via changes in resistance. The key
distinction is in energy dependency: active sensors are self-powered by the
input they measure, whereas passive sensors depend on additional external
power to operate.



Active sensors

Measured variable Physical effect Output
temperature IEeE CEUIE) voltage
P (Peltier-Seebeck effect) 9
biopotential, pH redox voltage
) [EIEBEE iezoelectricit charge
acceleration, vibrations, sound P y 9
speed, flow magnetic induction voltage
optical radiation flux photovoltaic voltage
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Active sensors operate based on various physical phenomena, including:

+ Thermoelectricity (Peltier—Seebeck effect): Enables the direct conversion of
heat into electricity through the Seebeck effect, and electricity into heat via the
Peltier effect, relying on two closely related thermoelectric phenomena.

Note: Peltier modules (also called thermoelectric devices) are widely used commercially as
heaters and coolers by utilizing the Peltier effect, in which applying an electric current
creates a temperature difference between their two sides. Depending on their use, these
modules can function either as active sensors or actuators. As actuators (Peltier effect), they
require external electrical power to heat or cool and thus do not function as sensors.
However, when used as temperature sensors (Seebeck effect), they spontaneously generate
a voltage from a temperature gradient, functioning as active sensors without external power.

* Redox reactions: Involve converting ionic currents directly into electrical
currents through electrochemical processes.

* Piezoelectricity: Generates electrical charges in response to mechanical stress
or strain.

* Magnetic induction: Produces an electromotive force (voltage) across a
conductor placed within a changing magnetic field, commonly known as
Faraday’s law of induction.

* Photovoltaic effect: Generates voltage when a material absorbs light energy,
exciting electrons and creating an electrical potential.



Passive sensors
Sensitive

Comment

Measured variable ..
characteristic

. semiconductor: thermistor,
temperature resistance ) .
metal: Pt, Ni

Strain gage: metal,

Strain- deformation resistance )
semiconductor

force, pressure,

: ) ; resistance, capacitance, potentiometer, microphone
acceleration, vibrations,

. inductance LVDT
sound, displacement
humidity resistance, capacitance
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Passive sensors: are mostly impedances, so need some power supply (voltage,
current) to read the value proportional to the measurand. This table shows examples of
physical variables that can change the properties of basic passive electrical
components.

The resistance of a material can change in response to temperature,
deformation, pressure, and force variations, so these variations can be
measured by designing resistive sensors




RESISTIVE SENSORS
& Applications

Introduction

Part I- Temperature sensors
Part ll- Thermal mass flowmeter

Part llI- Strain gage Sphygmograph de Marey, 1878
Part IV- Direct measurement of arterial pressure
Part V- Indirect measurement of arterial pressure

Part VI- Force measurement: instrumented implant
Part VII- Force plate: application in biomechanics
Part VIII- Wearable force measurement: gait analysis
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This lecture covers various resistive sensor technologies applied in biomedical
and biomechanical contexts. Partl introduces resistive temperature sensors
(thermistors and RTDs) for monitoring temperature, and Part lll focuses on strain
gauges for measuring mechanical deformation. PartVl examines force
measurement using instrumented implants, while Parts VIl and VIII explore
force plates and wearable force sensors in biomechanics. Together, these topics
illustrate how resistive sensing elements (e.g., thermistors, RTDs, strain gauges)
are used to measure temperature, strain, and force in different medical
instrumentation devices/sytems.

The picture shows the Marey Sphygmograph, invented by Dr. Etienne Jules
Marey in 1860, a groundbreaking machine that allowed the graphical recording of
blood pressure.



Introduction: Theory of operation

The resistance of a material depends on four factors:
= Composition

®= Temperature

= Length

= Cross-sectional Area

Possibility to measure:
R= pi = Temperature
A = Deformation (due to Pressure, Force)

= When the length [ of a conductor changes, the resistance varies directly.
Conversely, modifying the cross-sectional area A leads to an inverse change in
resistance.

= But, alterations in material composition or temperature affect resistivity p in
a more complex manner.
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Resistance quantifies how difficult it is for an electric current to pass through a wire
or component. It is directly related to the resistivity of the material.

Resistivity is a characteristic of the material, whereas the resistance is a
characteristic of the wire or component depending on both, the material of the
component as well as the geometrical dimensions (length, cross sectional area).
Changing any of these quantities will change the electrical resistance R.



RESISTIVE SENSORS

Part |I- Temperature sensors
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There are 2 main applications in medical instrumentation:
1) Direct measurement of temperature for example in the classical thermometer.

2) Integrated as a temperature sensor in medical systems (measurement of various
parameters such as fluid velocity in thermal flowmeter, temperature compensation
in signal conditioning electronic circuits)



Heat transfer

%

CONDUCTION CONVECTION RADIATION

= Heat is transferred via solid material contact (conduction), liquids and gases (convection), and electromagnetic waves (radiation)

= Heat will flow from one object (milieu) to the other if the two objects are at different temperature .
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Heat naturally flow from a hotter to a colder object (2nd Law of Thermodynamics)

There are essentially three ways to transfer the heat: Conduction; Convection;
& Radiation




Temperature measurement

= Relation resistance « temperature
R(T) =R(Ty)f(T —Ty) ,with f(T—-T,)=1for T =T,
f is generally a non-linear function depending on the thermosensitive element

= Metallic resistance (RTD: resistance temperature detector)
___— Linear approximation

Platinum: [R(T) = R(Ty) - (1 + a(T — Tp) + b(T — T,)2 + c(T — T,)3)
= Oxide semiconductor
=R(T) is the resistance at temperature T (K)
Thermistor‘ =R(T,) is the resistance at temperature T, (K)
.o =T, is the reference temperature (normally 273K or 25°C,
T:°K ﬁ(l—l) but can differ according to the application)
To —973% R (T) =R (To)e T To ;Lf%tisearg:{]esrtiglr?t, its value depends on the characteristics
S = 4000°K
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The resistive temperature sensors operate on the principle that the resistance of a material (metal,
ceramic, semiconductor) changes due to variation in resistivity with temperature.

There are two main types of materials used as resistive temperature sensors:

* Noble metals : for example Platinum. The relationship resistance - temperature includes nonlinear
terms. For small variations around a working temperature (To) this equation can be approximated
linear (by retaining only the 15t order term)

Physical principle: Electrons flowing through a metallic conductor are impeded by atoms and
molecules. The more these atoms and molecules bounce around due to increased temperature , the
harder it is for the electrons to get by. Thus, resistance generally increases with temperature
(especially for metallic conductors).

For small temperature changes the resistivity varies linearly with temperature:
p =p, (1 +alpha* deltaT), where a is the temperature coefficient of resistivity.

We often write this in terms of resistance instead: R = R, (1 + alpha* deltaT) which means we're
assuming that dimension (/ and A) don't change as temperature changes.

+ Oxide semiconductors, are used for fabrication of the Thermistor — a device with a highly
nonlinear relationship resistance-temperature (exp).

In some materials (like silicon) the temperature coefficient of resistivity is negative, meaning
the resistance decreases as temperature increases. In such materials an increase in temperature
can free more charge carriers, which would be associated with an increase in current.

(A parenthesis here — please note that this property can be exploited for temperature compensation in
electronic circuits, to make a resistor with a resistance that is almost independent of temperature (especially
when the resistor is used for another measurand, like pressure/deformation, to avoid the error due to temperature
influence). The resistor is made from two resistors placed in series, one with a positive temperature coefficient,
and the other with a negative temperature coefficient. The resistance values are chosen so that when the
temperature changes, the increase in resistance experienced by one resistor is cancelled by the decrease in
resistance experienced by the other.



Metallic resistance (RTD)

R(T) = R(T,) - (1 + azAT)

a,= 1 A—R Temperature coefficient
R R(T,) AT
= Example
= Platinum
a,=3.9-10"/°C
Pt100 sensor : R(0°C) =100Q2
= Linear R(37°C)=114.4Q
= Accurate R(37°C)= R(0°C)(1+3.9x103x37)=100(1.14)=114Q

= Reproducible (precise)
= Large measurement span

cPrL

The temperature coefficient ag is a measure of how much the resistance of the sensor
changes with respect to changes in temperature.

A higher value of az means that the resistance will change more for a given change in
temperature, and vice-versa. It is an important parameter to consider when selecting
and using resistive sensors, as it can affect the accuracy (i.e., how closely a sensor’s
measured value matches the true or actual temperature) and reliability (i.e., the
sensor’s ability to consistently provide stable and repeatable measurements over time
under given conditions).

Platinum is particularly useful for an RTD because it does not oxidize easily and its
resistance varies smoothly—nearly linearly—over a wide range of temperatures.
Properly calibrated—meaning adjusted or compared against known, accurate reference
standards—a platinum resistance thermometer can achieve reproducible (precise) and
accurate readings.

Advantages & limitations:
» High accuracy, low drift, wide operating range, suitability for precision applications

« Compared to thermistors, platinum is less sensitive to small temperature changes
and has slower response time

Note:
Accuracy refers to how closely a sensor's measured values align with the true or actual value.

Precision refers to the consistency or repeatability of a sensor's measurements, indicating how close
multiple measurements are to each other, regardless of their accuracy.

Reliability: consistency and stability of sensor performance over a longer period, ensuring that precision
and accuracy remain stable and dependable (long-term consistency).

While closely related (both emphasizing consistency), precision usually addresses measurement
repeatability, and reliability addresses long-term operational stability and robustness.



Oxide semiconductor

1 1
R(T) = R(Ty)e" 7715

—L1drR__ B
AR =Rar = 12
= Example
= Thermistor
For T =310°K R Pt: Larger linear range
a, =—0.03 to —0.05/°C (negative) R(T)b-= Thermistor (NTC)

= Small volume

= High sensitivity
= Non-linear NTC: Negative Temperature Coefficient
= Low measurement span

For Positive temperature coefficient (PTC) thermistors
when temperature increases, the resistance increases
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There are two main types of thermistors: negative temperature coefficient (NTC)
thermistors and positive temperature coefficient (PTC) thermistors.

NTC thermistors have resistance that decreases as temperature increases, as
illustrated by the red curve on the graph, compared to the platinum RTD
characteristic. Due to their sensitivity and accuracy, NTC thermistors are typically
preferred for precise temperature sensing and measurement applications.

PTC thermistors, whose resistance increases as temperature rises, are generally
used for safety, circuit protection, and self-regulating heater applications.

Advantages and Limitations:

» Thermistors can be very compact and are therefore widely embedded in devices
for internal temperature sensing and correction.

* They typically operate over a narrower temperature range than other temperature
sensors (e.g., RTDs), but they can offer high precision and accuracy within this
limited range.

* Compared to RTDs, thermistors generally have a smaller usable temperature
range and lower long-term stability.



RESISTIVE SENSORS

Part lla- Thermal mass flowmeter:
Constant current method
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Measuring respiration flow is important in medical and physiological applications, as
it can help to diagnose respiratory diseases and monitor respiratory function, related
for example to asthma.

Thermal mass flowmeters are used to measure how fast you can push air out
of your lungs when you blow out as hard and as fast as you can. This is
called peak flow.

Peak flows measure how open the airways are in the lungs (lung capacity).

There are 2 types of thermal mass flowmeters, according to electronic
implementation:

1. constant current
2. constant temperature



Measuring the flow

Basic principle

,- N\

v: fluid velocity q
s’

-« =

R(7p) Fluid (air) (T,,)

= R is heated to temperature T,, slightly higher than the
temperature of the fluid 7,: T > T,

= T varies (decreases) when the air is circulating into tube
by breathing
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The subject breathes in and out through a tube containing a resistor (R), which is
heated via the Joule effect by passing a current (i) through it. The resistor is
maintained at a temperature (Tm) higher than the fluid’s expected baseline
temperature (Tb). When air moves through the tube during respiration, the resistor
is cooled down due to convective heat transfer. This cooling effect is directly
proportional to the airflow speed (v) through the tube.

Thus, resistor R acts simultaneously as both an actuator (heated electrically by the
Joule effect) and a sensor (detecting changes in temperature due to airflow).



Measuring the flow with constant current supply

Principle

1. The resistance is heated by Joule effect with constant current, i
— thermal power: P_R.i

2. The resistance is cooled by the fluid circulation - heat transfer
by convection. P=A-h-(T.—-T,)

A : sensor’s lateral surface

h : heat transfer coefficient, function of velocity v of fluid
T, temperature of the resistance

T,: temperature of the fluid
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Two physical phenomena involved:

» Resistance heating: Thermal power dissipation by Joule heating effect >
electric energy is converted into thermal energy as the electric current i flows
through resistor.

» Resistance cooling: Thermal power transferred by convection (known as
the Newton's Law of Cooling)

When the fluid circulate into the tube around the resistance R, the power transferred
by convection depends on the diff in temperature (Tm-Tb), the lateral surface A of
R, and the heat transfer coefficient h, which expresses the effect of
convection;

* h is related to fluid velocity v (and other parameters such as density, viscosity
negligible here) indicating the fact that the heat transfer increases when the
velocity of air increases, so h=f(v).

« as the measurand is v, we want to extract from these equations the
relation between h=f(v) and variation of R (to note that variation of R is
‘measurable’ by an electrical signal conditioner) - see next slides



Measuring the flow with constant current supply

Principle (cont.)
= At equilibrium (i.e., no heat transfer):

A-h-(T,-T,)=R-i’

R(T,)-i’

R G

(Tm variable, Ty fixe)

Temperature( T, = f(v)
sensor
AR =f(v)

= h varies mainly in a non-linear fashion as a function of velocity
v(eg. h=a+b-logv )
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» Atinstants when R is cooled to the point that Tm reaches Tb (temperature of air
during breathing, may depend from person to person, but can be considered
constant for the same person during measurement) we can write the equilibrium
equation.

« As T, is constant, a decrease of T, depends on the velocity v of air, Tm=f(v)

« By measuring variation of Tm using temperature resistive sensors (e.g.,
thermistor or RTD), we obtain a relationship between the change of resistance,
AR and the velocity of the fluid v, AR=f(v)

+ So R which changes with T, will depend also on v.

The next step is to devise a signal conditioner circuit allowing to convert the
variations of R=f(v) into electrical signal (voltage)



Measuring the flow with constant current supply

Signal conditioner

—;H—P

“If vt = 1,! = R?T (e.g. NTC thermistor)

|
= Dynamic situation (when t varies): l u=f(v)

dr,
i2(R + AR) — Ah(T,, — T})) = K —= v, L[

dt

Py

K: thermal capacity

Assuming linear sensitivity around equilibrium:
h=h,+K,-Av K, : constant

T =K,(R+AR) K constant
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A simpler and efficient conditioner could be an op amplifier (OA) used as voltage
follower. The resistor R should be used as temperature sensor, and the optimal solution is a
NTC thermistor (more accurate than PTC)

To note: Without the buffering provided by the voltage follower—characterized by very high
input impedance, low output impedance, and excellent precision and stability due to negative
feedback—the thermistor's output voltage could be adversely influenced by the input
impedance of subsequent measurement devices, such as analog-to-digital converters. This
would negatively affect measurement accuracy and stability. By isolating the thermistor from
downstream circuits, the voltage follower ensures that the thermistor delivers precise, stable
voltage signals unaffected by external circuit conditions.

In order to characterize the sensor system we have to consider the dynamic model,
necessary because the voltage u should follow the respiration rate of the subject, so un
important parameter to analyze is the system response time. For this, we have to deduce
the transfer function. For variation of the temperature in a narrow range (small change of
fluid velocity v), the resistive sensor can be approximated as a 15t order system.

The equation describing the ‘dynamic situation’ states that the sum of thermal power
exchanged should be equal to the thermal capacity K multiplied by derivative of temperature
(minus indicate exchange of thermal power..)

If we assume a linear sensitivity around equilibrium, the heat transfer coeff. h can be
approximated by linear eq where ho is the value without air velocity, plus a term which
depends on the variation of velocity (first order system by assuming small variations of the
velocity of the fluid).

The second assumption is that the variation of the resistance depend on the temperature
Tm=f(R)



Measuring the flow with constant current supply
Signal conditioner (cont.)

h=h, +K, -Av dT
T, =K, (R+AR) i*(R+AR)—Ah(T, —T,)=K dtm

i2(R + AR) — A(h, + K,Av)(K-R+ KrAR — Tp,) = KKy %

i#R + i2AR — AWK R — AhoK7AR + AKX, T, — AK,AvKyR — AK, Ky MWAR + AK,AvT, = KK wﬂ
o AT oA\T o'b v T vIAT v b T dt

i?R — Ah,KrR +Ah,T, = 0 (static condition)
AvAR: second order (can be negligible):

, dAR
(% = Ah K )AR =K -Kr === AK, (K;R =T, )Av
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* By expanding this equation, we can observe that the terms in red correspond to

the static condition: i?(R) — Ah(T, —T)=Kdﬁ =0 at equilibrium (no
m b dt

temperature variation), in this condition we have also h=ho and AR=0, so T, =K;R

« If we neglect the small second order term (slow variation of velocity and R), we
obtain a 18t order differential equation describing the dynamic behavior of the
sensor system

» We can observe that we have the relationship between AR and Av (the output
and the input of our 1st order system)



Measuring the flow with constant current supply
Signal conditioner (cont.)

= First order system:
(i* — Ah K. )AR —K -KT%Z“’Q(KTR ~T,)Av

Laplace transform:

((AhoK7 — i?) + sK - K7) - AR = AK, (T, — KzR)Av
i2

( (Aho - ;(—T) + sK) - AR = AK, (T, — KrR)Av = kAv

ARk
Av  1+7s
| K
= Slow response ! I =
Aho—l—
K
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To characterize the dynamic response we need to find the time constant. For this
we use the Laplace transform, we re-arrange the equation to correspond to
the ‘characteristic equation’ of a 15t order system and we identify the time
constant from equation coefficients

What you can see in the expression of z; is that the difference at the denominator
could be very low when close to equilibrium, therefore the time constant is high
and the response of the system is very slow.

The respiration rate is approximately 1 Hz; thus, the system design should ensure a
sufficiently fast response time to accurately capture respiratory variations. Possible
design strategies to improve response speed include reducing the current (i) or
increasing the resistor’s surface area (A). However, these approaches can conflict,
since a larger surface area typically requires higher current levels to maintain the
resistor at the desired temperature (Tm > Tb). Therefore, an optimal balance
between surface area and heating current must be established for efficient and
accurate respiratory monitoring.

Another solution to optimize the response type is the ‘constant temperature method’
described in the next slides.
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RESISTIVE SENSORS

Part llb- Thermal mass flowmeter:
Constant temperature method




Unknown input
(measurand)

Null method: Principle Balance input

(known)

= Exerts an influence on the measured system so as to =
oppose the effect of the measurand

= The influence and the measurand are balanced

<7
Null method measurement circuit: &
W20

Wheatstone bridge

Example circuit:
= Rx unknown (to be measured)
* R, R, and R; known, R, adjustable until . V3 =0

Lt B * When the measured voltage Vg = 0, both legs have equal
voltage ratios: R,/R;=Rx/R;, > Rx=R;R./R;
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The constant temperature thermal flow meter is based on the concept of ‘null
method’ measurement.

The null-method is a technique used in measurement instrumentation to determine the
value of an unknown quantity by balancing it with a known reference value. This is done
by adjusting a variable component in the instrument until the output of the instrument is
zero or null.

For example, suppose you want to measure the resistance of an unknown resistor. You
can use a null instrument, such as a Wheatstone bridge, which is designed to balance the
unknown resistance with a known resistance, for example a variable resistor
(potentiometer) adjusted until the output of the Wheatstone bridge is zero.

By knowing the values of the other components in the Wheatstone bridge and the value
of the variable resistor, you can calculate the value of the unknown resistance using
simple mathematical equations.




Measuring the flow with T _-T, = constant
Principle & Signal conditioner

Current
amplifier

Ka

R-R,—(R+4R)R,
u= u.
(R+R,)(R+AR+R,) '

= Adjusting the current in R+AR in order to have T, -T, =constant
by Joule effect (T,,>T,)

= [= f(v) >measuring the current i
= if V‘T: R+AR is cooled-> increase i to heat R+AR = ﬁiT

-
vt = i1l
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This method can be implemented using a Wheatstone bridge combined with a
feedback loop. Within the Wheatstone bridge, the sensor is represented as a resistance
R+AR, and resistor R1 is typically a potentiometer adjusted to set the resistor temperature
Tm above the fluid temperature Tb.

When an input voltage ui is applied to the bridge, the unknown resistance R+AR is
determined by comparing the voltage drop across the sensor resistor with those across the
other bridge resistors. To maintain a constant temperature difference (Tm-Tb=constant),
the bridge output voltage u (indicating imbalance) is amplified to generate an appropriate
current i, which heats the resistor. If increased fluid flow cools the resistor, decreasing its
temperature and thus increasing voltage u, the circuit responds by injecting additional
current to restore equilibrium.

This relationship can be described mathematically by the bridge’s transfer function,
effectively linking the current i to the fluid velocity v: when v increases, the sensor
resistance cools, lowering T. The feedback mechanism compensates by increasing current
I, restoring Tm and stabilizing the system.

In short, the null method balances the convective heat loss (due to fluid flow) against
electrical power input (Joule heating from current i). The method achieves equilibrium (the
"null" condition) when the heat loss exactly matches the supplied Joule heating, resulting in
a stable temperature difference Tm-Tb. The required current at this equilibrium point
directly correlates with fluid flow velocity, allowing precise determination of airflow rate.



Measuring the flow with T_-T,= constant
Principle (cont.

= Balance the bridge in the absence of fluid circulation
(Av=0):
= Slightly increase the potentiometer value R,

=>ul =il =17,T= R T(Platinum)
= Bridge balanced again
with T,.=T,+T,and u=0

= Av#0

R-R,—(R+A4R)R,
u= u.
(R+R,)(R+AR+R,)
—R

C
Current
® amplifier

vi>T =R

sensor

suT=il=71T"1
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We assume the use of a platinum or PTC thermistor, whose resistance increases with
rising temperature. The measurement principle relies on controlling the current (i) to
maintain a constant sensor temperature (Tm). The airflow velocity (v) is determined from
the value of this current.

Measurement Procedure:

Initially, the sensor temperature (Tm) must be slightly higher than the ambient fluid
temperature (Tb) to detect cooling due to airflow. With no airflow (Av = 0), the
Wheatstone bridge is balanced by adjusting the potentiometer (R;) to slightly raise its
resistance. This adjustment increases the bridge voltage (u), driving a higher current (i)
through the sensor, raising its temperature and resistance until equilibrium is restored at
the desired temperature differential (Tm - Tb = constant).

When airflow begins (Av # 0), the increased fluid velocity cools the resistor, lowering Tm
and consequently its resistance. This reduction unbalances the bridge, increasing voltage
(u) and driving more current (i) through the resistor. The higher current restores the
resistor temperature (Tm) to maintain the constant temperature difference (Tm - Tb =
constant).

In practice, the circuitry is more complex than this simplified description, but the
underlying principle remains: airflow velocity (v) is accurately determined from the
controlled current (i) required to maintain a stable sensor temperature.



Measuring the flow with T = constant

Principle (cont.)
= The resistance varies with i and v: AR = f(Ai,Av): AR = K — X Ay
1+71;s 1+71;s
= Wheatstone bridge of gain Kg: AR = —IA{—u
B
= Current amplifier of gain (transconductance) K,:Ai = K, - Au
= AR = — Al tr? .
Ka'Kp 4 1
= Time constant of the measurement system i=f( v): — H ”
LR (O P
K Ky 1+ts) " " 1+zs "
T; = Demonstration
Tr = ' in exercise
14+K;-K,-Kg <<%° session 7
->System is much faster than the circuit with constant current
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For the calculation of the new time constant see exercise session 7



Measuring the flow

= Example: Flowmeters to measure respiration (spirometer)

FRONT | [Tmack |
Pari Medical s ) = |
- |

I :L,,_,

Spirometers are used to diagnose and assess a number of conditions and diseases, for example:

= Asthma - an obstructive lung disease in which the airways become periodically swollen and narrowed.

Chronic Obstructive Pulmonary Disease (COPD)- lung conditions that narrow the airway and make it difficult to breathe.
Cystic fibrosis— a degenerative condition in which the lungs and digestive system become clogged with thick, sticky mucus.
Pulmonary fibrosis— scarring of the lungs caused by pollutants, medications and interstitial lung disease. 2

.
E P F L Sensors in Medical Instrumentation: Resistive Sensors




RESISTIVE SENSORS

Strain gage

Part lll- Strain gage (gauge) o Testspecmen

Metallic grid pattern
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* In this section, we will see another type of resistive sensor known as the strain
gage (gauge), which is used in various applications.

» A strain gage (SG) is a type of sensor that detects variations in resistance when
exposed to an applied force, such as pressure, tension, weight. It transforms
the force into a change in electrical resistance that can be measured. According
to the material used for resistance there are 2 types: metallic and semiconductor
SG

» The picture illustrates a metallic SG that typically consists of a metal foil insulated
by a flexible substrate. The SG is connected to two leads that pass a current
through it. As the surface of the object being measured stretches or contracts, the
change in resistance of gage is detected. This change in resistance is
proportional to the change of the surface of the object being tested.

26



Strain gage: resistive property

= Converts a mechanical elongation/displacement produced
by a force in its corresponding change in resistance
= Conductor of length / and cross-section surface A:
R :resistance I
p :resistivity R = pZ
[ :length
A :secti R
Seclion area y = =
/
R, =R, +AR l [+ Al
R <R, Ri=ry Re =P —ad
EPFL

The working principle of the resistance strain gage is the ‘strain effect’ which
means resistance value changes with mechanical deformation of elastic elements.

As shown in Fig, a metallic resistance wire will elongate along the axial direction
(length /) and shorten along the radial direction (section area A) when subjected to
force in its elastic range.

If R1 is the resistance corresponding to this conductor, when the conductor is
subject to extension, due to elasticity, the value of resistance change: / increases, A
decreases -> R2>R1, so we have a change in resistance by AR
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Strain gage: mechanical property

Stress measures the internal pressure
F: force experienced by a material when subjected to a

F
[ ] - —_ force. A larger force or smaller area increases the
StreSS' 0= A A: area likelihood of deformation (shape change)
. Al Strain is the deformation resulting from stress.
u S‘tran’] E=— When a material experiences stress, it typically
l lengthens if pulled or shortens if compressed.
= Strain in direction of the stress:

g = ? Y: Young’s modulus

Strain perpendicular to the stress:
& = —vg  v:Poisson’s ratio

cPrL

An important characteristic of the strain gage is its mechanical property, which is
based on the relationship between stress and strain.

When a stress, defined as F/A, acts on a material, it results in a deformation of the
material, represented by Al/l (relative change), known as strain.

The strain can be defined in two directions:
1. In direction (parallel) to the stress.

2. Perpendicular to the stress, which is negative because the area decreases in the
direction perpendicular to the stress.
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Strain gage response

l
—y —
AR _Bp AL AA TR
_— —_— b r
R P l A AII a
= The surface is mainly rectangular or circular T
A=a-borA=rmnr? F F
AA A Ab AA A AA Al
s L= or— =20 = 2v—
A a b A r A l
AR _ ., AL 4p
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Computation of the relative variation of the resistance:

Expand resistance R into a
Taylor series

NAND
TAVAVAVRT
Passive Axis

» Ignore higher order terms

R =R, +AR iy
AR = ﬁm, +ﬂm+ﬁm, Resistance of wire:
dL 0A dp L
_p=PL
» Taking partials / A
p ol I * p: Resistivity
AR =24l — 2544 +24p » L: Length of wire
e - A: Cross-sectional area
g? AL AA/ Ap/ (1+2/) N V. Pelssions AATO
_____ + [ — > . >
RITL a2 “Z2%p] € smnblvg,,

The relative variation of resistance in a strain gauge is influenced by either
length or resistivity, giving rise to two types of effects:

1. When strain affects the length of the gauge, it is referred to as a resistive strain
gauge.

2. When strain affects the resistivity of the gauge, it is referred to as a piezoresistive
strain gauge.



(1)

Metallic conductor
Al A

bp _ AV _ L A
V:volume (V=4I
C : Bridgman correction factor

| lame

= The relative variation of the
gage resistance is:

AR _ {(1+2v)+(1—2v)c}£l g
X oo AR Al
K=>01+2v)+(1-2v)C ?:KT
= K : gage factor
(formetals ¢ =1 and v=03 and K =2 )
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A metallic strain gauge consists of wires on a support made of either plastic or
paper. This gauge is fixed onto the object that needs to be measured for
deformation.

In the case of a metallic strain gauge, the change in resistivity can be expressed as
a function of change of the volume or length, where C is the Bridgman correction
factor.

This allows us to define the relative change of resistance of as function of thee
relative change of length multiplied by the gage factor K.

30



Semiconductor

= Resistivity changes with doping: p-type (deficit of electron) or n-type
(excess of electron) Ap

A Al AR _ AL 4p
u —'O=7Z'-G=7Z'°Y— R (1+ZV)l+p

yoj :
7T . piezoresistivity coefficient m
= The relative variation of the gage resistance is :

AR Al
— =2y} AR _ Al
K=(1+2v)+n-Y=r-Y R :
= K =~100-200 fora semiconductor gage
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In the case of a semiconductor strain gage, the resistance is a type of
semiconductor material whose resistivity changes with the type of doping. This
change in resistivity, represented by Ap/p, is much higher than in the case of metals

due to the higher Young's modulus of semiconductors.

If we replace Ap/p and determine the gage factor K, we find that its value is higher
(compared to metallic) due to the higher Young's modulus. This type of strain gauge
is called a piezoresistive strain gauge because it utilizes the resistivity change with

force and deformation.

The prefix "piezo" refers to the state of pressing or being pressed, or the exertion of

force by one body on the surface of another.
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In summary

AR Al
_ _ K=
R /
= Metallic strain gage

— More sensitive to mechanical strain

- K=2to4

= Semiconductor strain gage
— More sensitive to resistivity (piezoresistif effect)
— K=100 to 200
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Temperature effect

R(T,)=R(T,)(1+c(T-T.))
= Thermal expansion of the gage: / =/, (1 +4,(T-T))) ] e

jo
= Thermal expansion of the support: /. =/ (/+1(7T-T))

= ALT, [, =1, =1; AT, [ -1 =] (1-2)AT with AT=T-T,

o "jo

AR

L1,
- —K=—L=K(4 —A)-AT

expansion o

= {a, +K(4, —4)}-AT = B-AT

T

= a, : temperature coefficient, ° C-"
= A, : expansion coefficient of support, ° C-
= 1, :expansion coefficient of gage, ° c!

cPrL

Temperature variations can affect the accuracy of strain gauge measurement.

« Specifically, thermal expansion of both the gauge and its supporting structure can
change the gauge's resistance even when no mechanical strain or stress is
applied. This thermal expansion acts as an interfering input, introducing errors
into the strain measurement.

» Additionally, the electrical resistance of the strain gauge itself changes directly
with temperature (another interfering input). Therefore, the gauge’s temperature
coefficient (ag) must also be taken into account.

The highlighted equation represents the strain gauge resistance variation due to
temperature effects. When such temperature-induced errors become significant, the
measurement circuitry requires appropriate temperature compensation strategies.
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Temperature effect — Comparison

=l +K(A,~A)}- AT = B-AT

T

Semiconductor strain gages

Metallic strain gages (plezoresistive)

a, =0.01 to 0.04%/°C —|ag high
relatively low
- K varies with temperature

If 45—4;low, B stays low Compensation for temperature
Compensation for temperature mainly necessary
for #>1.5-10°/°C A, =3.2-107/°C << A
- Sensors integrated in a silicon support
As—=4,=0
=PrL

* For piezoresistive sensors, temperature compensation is essential due to the
high temperature sensitivity (large temperature coefficient) inherent in
semiconductor materials.

« Typically, temperature compensation is achieved by incorporating an additional
semiconductor sensor whose resistance changes exclusively with temperature.
This compensating element adjusts the current through the primary sensor,
thereby minimizing temperature-induced errors in the measurement.
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Comparison

Strain Gage Metal Semi-conductor
Linearity High Medium
Sensitivity Low High
et Lot High
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RESISTIVE SENSORS

Part IV- Direct measurement of
arterial pressure

(Strain gage application)

E P F L Sensors in Medical Instrumentation: Resistive Sensors

Blood pressure is the measurement of the pressure of blood inside arteries. At each beat,
the heart pumps blood into arteries that carry blood throughout your body.

Clinical importance of measuring blood pressure (BP):

Direct methods (invasive):

Direct arterial measurement, typically via arterial catheterization, provides continuous,
accurate, real-time blood pressure readings. Clinically important in critical care settings,
surgeries, and hemodynamic instability where precise monitoring is essential to guide
immediate therapeutic interventions.
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Measuring arterial blood pressure

Direct measurement Systolic

= Extravascular sensor: the vascular pressure W\

is coupled via a catheter (filled with liquid) to
a pressure sensor located outside the body Diastolic
Long response time

liquid 0.5 1.0 1.5 1(s)
pressure Iil sensor

= |ntravascular sensor : "Catheter-tip
sensors",
the sensor is located at the extremity of the
catheter (e.g. in direct contact with the blood)
Short response time

pressure Sensor

Arterial blood
pressure (mm Hg)
S »
o o

[o2]
o

(mV)

Lead Il voltage

05 S

systolic pressure: maximum
diastolic pressure: minimum
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Arterial blood pressure is defined as the pressure exerted by circulating blood against the inner
walls of arterial vessels. It reflects the combined effects of cardiac output (the amount of blood
pumped by the heart per minute) and peripheral vascular resistance (resistance within arteries). It
is typically expressed in millimeters of mercury (mmHg) as two values:

» Systolic pressure: Peak arterial pressure during ventricular contraction (reflects cardiac output,
arterial elasticity).

» Diastolic pressure: Lowest arterial pressure during ventricular relaxation (indicates vascular
resistance and arterial tone).

The delay between the ECG R-wave and systolic blood pressure is due to the time it takes for the
electrical activation of the ventricles to be converted into mechanical contraction and the blood to
be pumped into the aorta. This delay is known as the electromechanical delay and lasts between
40-60 milliseconds.

There are two direct ways to measure the arterial blood pressure:

1. Using extravascular sensor where a catheter filled with a liquid (e.g., saline solution), is used
to couple the blood pressure to a sensor outside the body. Given that the sensor and the
pressure being measured are separated by the catheter, the consequence is a high inertia
between the pressure and the sensor and a long response time, which limits the frequency
response.

2. Using an intravascular sensor located at the extremity of the catheter, at the same location as
the vascular pressure. This eliminates the need for a catheter filled with saline water, resulting
in a lower time constant and a faster response time.
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Extravascular sensor

Saline Pressure ‘ A

. . . |- > ‘
body ¢ s;)lutlon Sensors | Saline solution - t
p—" ‘ o R under pressure I |
?\- ( - 1= '-' l\:, ,“
\\‘ | [ " ‘:fff ‘-:\’
-
ci_l. l\ )
N | &
Sensing (L } Roller clamp [
Pt N ‘
[\ AN Zero stopcock —X
f’ E \‘\ p \ << \
[ A Al 1R %
N =
A g5 L
Saline solution
Electrical connectos
Pressure sensor filled with saline solution
=k

» This is the example of monitoring BP using an extravascular sensor where a catheter
filled with saline solution is inserted into an artery and coupled to an elastic membrane.
Strain gages are placed around the membrane to measure deformation related to the
change in pressure, which is then converted into an electrical signal through electronics.
This signal is then connected to a measurement system for processing and display.

* One of the main concerns with this system is to prevent any air bubbles from
entering the vascular system. Air bubbles in an intravascular catheter can be
dangerous for several reasons:

« Air Embolism: If air bubbles enter the bloodstream through the catheter, they can travel to
the heart or lungs and cause an air embolism. This occurs when the air bubbles block
blood flow in the vessels, potentially leading to tissue damage, organ dysfunction, or even
death.

» Cardiovascular Complications: Air bubbles in the bloodstream can interfere with the
normal circulation of blood, leading to cardiovascular complications such as arrhythmias,
decreased cardiac output, or even cardiac arrest.

* Pulmonary Complications: Large air emboli reaching the lungs can obstruct blood flow
through the pulmonary arteries, causing pulmonary embolism, which can be life-
threatening.

To minimize the risk of air embolism, healthcare providers take precautions during catheter
insertion and use techniques to remove air from the system before and during
catheterization. Additionally, proper monitoring and immediate intervention are crucial if air
embolism is suspected.

» This technique is commonly used during surgery as it allows for continuous monitoring of
blood pressure, which is crucial in ensuring patient safety and detecting any changes in
blood pressure that may require prompt intervention.
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Extravascular sensor

ADlInstruments
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P: pressure
/ catheter x: displacement
Saline
solution
blood vessel
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The catheter is filled with saline water and is in contact with the blood. The blood
pressure is transmitted through the catheter to a cavity (the probe) filled also with
saline solution and realized with an elastic membrane. The displacement or
deformation of the membrane during systole/diastole is measured using four strain
gages placed in the Wheatstone bridge (conditioning circuit).

To achieve maximum sensitivity for the Wheatstone bridge, it's important to configure
it correctly. When the membrane pushes the bridge on the right, resistors R2 and R4
are compressed, while resistors R1 and R3 are extended. This corresponds to the
relative change of each resistor, AR, as shown in the circuit.

In order to achieve maximal sensitivity for the bridge, resistors with the same
sign of deformation (AR) should be on opposite arms, while resistors with
opposite deformation should be on adjacent arms.

As the deformation depends on the strain being measured (A x/x), and the strain is
dependent on the pressure, the output voltage of the bridge, um, will depend on the
pressure being measured.

The catheter-liquid-membrane system is essentially a hydraulic system that should
transfer the blood pressure without distortion. It's important to characterize its transfer
function to ensure that the frequency band of the blood pressure is not affected by
this transfer function.

For this purpose, we must model the catheter to ensure that its inertia and
response time are suitable for accurately measuring the temporal dynamics
(time variations) of blood pressure.
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Dynamic properties of pressure measurement

systems

= Arterial pressure bandwidth in

humans 0 to 50 Hz m ﬂ " e e N

H(brs:ma)' )
a: original h h & Q_‘

b: synthesis of 6 first harmonics

Heart rate:
15 - 20 pulse/sec

= Need to estimate the transfer Shrewmouse

function of the system
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For accurate blood pressure (BP) monitoring, the system should be able to track the
variations in the BP signal. The signal, shown as (a), contains different harmonics that can
be analyzed using a power spectrum analysis (by FFT, for instance). Taking the first six
harmonics, as an example, results in signal (b), which is close but not exactly the same as
the original signal (a).

To accurately measure the BP signal for humans (1 Hz =60 pulses/min) the bandwidth of
the measurement system should cover the range of 0 to 50 Hz, which is the norm for
human BP.

It's crucial that the catheter used in the measurement system has enough bandwidth to
measure the BP signal without distortion. Additionally, the bandwidth of the measurement
system should be adapted to the specific dynamic of BP for the species being monitored.
For instance, monitoring small animals may require an increased bandwidth, as the heart
rate increases when the tail of the animal decreases.

We need a dynamic model of the catheter to verify in which conditions the system
can follow the dynamic (temporal variations) of BP signal (need to model the
transfer function)
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Modelling the catheter — liquid — membrane

system

analogy
= Hydraulic system —— electrical system

P: pressure
V: volume
e
AP solution
Q
AV
catheter
membrane blood vessel
E P F L Sensors in Medical Instrumentation: Resistive Sensors 41

To evaluate the response and understand the potential limitation factors, it's crucial to
model the hydraulic part of the system. One useful technique for this is by using an
analogy between the hydraulic and electrical systems. This is because electrical
systems are easier to model using basic components, such as resistive, capacitive, and
inductive elements, as well as current and voltage.

To make this analogy, we need to consider the geometry of the hydraulic circuit. For
example, if we focus on the catheter, the change in pressure AP leads to a change in
volume AV due to the movement/expansion of the membrane.

Therefore, we need to accurately model this situation in order to achieve an accurate
response time for the BP measurement system.
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Analogous Variables: Electrical - Hydraulic

Quantity Electrical System Pressure System
Flowing quantity Current (Amps = Coul/s) | Flow (mL/s)
RO x‘/ Volume quan-tlty Charge (Coul) Volume (mL)
Energy Density Voltage (Joule/Coul) Pressure (kPa)
(Pa=F/Area = J/Vol)
Energy Density Resistance Resistance ]
to maintain Flow (Ohms = Volt/Amps) kPa / (mL/s) o
B,
Volume maintained by Capacitance Compliance ‘
Energy Density (Farads = Coul/Volt) mL / kPa
Energy Density to Inductance Inertance ¥ Si—
maintain d/dt (Flow) (Henry = Volt/(Amps/s))| (kPa/ (ml/s?) é;}/
;opyrighl © by A, Adler, 2009 (including Material from J.G. Webster) }
E PFL Sensors in Medical Instrumentation: Resistive Sensors 42

General Idea of the Analogy:

In electrical circuits, voltage, current, charges and electrical components — resistance, capacitance,
inductance - are fundamental variables. A similar logic applies to hydraulic systems (like catheters filled with
liquid), where the analogies are those indicated in the table.

Detailed Explanation of Each Parameter:

Flow Rate <> Current (Q < |)

* Hydraulic: Volumetric flow rate (volume per unit time, e.g., m3/'s or mi/s).
« Electrical: Current (charge per unit time, e.g., Coulomb/s = Ampere).
Pressure — Voltage (AP — AV)

« Hydraulic: Pressure difference drives liquid flow.

« Electrical: Voltage difference drives electrical current.

Volume < Charge (Vol < Q)

* Hydraulic: Volume is integral of the flow

» Electrical: Charge is integral of the current

Hydraulic Resistance < Electrical Resistance (R < R)

» Hydraulic: Resistance is the frictional opposition to flow, depending on viscosity, length, and diameter of
the catheter.

« Electrical: Resistance limits current flow
Hydraulic Compliance < Electrical Capacitance (C < C)

* Hydraulic: Compliance represents how much a container can deform or stretch under pressure. In a
catheter system, compliance often comes from flexible tubing or surrounding elastic structures.

+ Electrical: Capacitance represents the ability to store electrical charge under a voltage difference
Fluid Inertia (Inertance) < Electrical Inductance (L < L)

* Hydraulic: The inertia of the liquid corresponds to the fluid's mass and its tendency to resist changes in
velocity

« Electrical: Inductance (coil) resists changes in electrical current
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Modelling the catheter — liquid — membrane

system
. analo .
= Hydraulic system 9y electrical system
membrane
catheter L: inertance
APQ - R: resistance
solution Al

C: compliance

AL, AR, AL, AR, AL,

AC, AC, =—=AC, C, C,
E P - L Catheter prc:ge membrane
1

Why Resistance and Inertia are Series Components:

In a hydraulic catheter (or pipe), fluid flows sequentially through the length of the tubing. Both
friction (resistance) and fluid mass (inertia) act along the same continuous fluid pathway.

Why Compliance in Parallel:

Compliance is placed in parallel because the compliant chamber (probe) and the tubing/catheter
share the same pressure at their connection point. Thus, at any junction where fluid can either
continue flowing down the main tube or enter an elastic (compliant) space, the hydraulic
compliance naturally appears in parallel.

Why the electrical equivalent circuit of a catheter is piecewise:

The electrical equivalent circuit of a catheter is usually represented as a piecewise model
because the catheter can be viewed as a transmission line segmented into multiple small
sections. Each segment has its own distinct parameters, including resistance, inductance, and
capacitance. As the catheter is inserted into a biological environment (e.g., a blood vessel or
artery), the conditions along its length—such as geometry, surrounding tissue properties, and
fluid conductivity—can vary significantly. Therefore, to accurately capture these varying electrical
properties and impedance characteristics, the equivalent circuit is represented as discrete
segments or pieces, each modeled individually.

When can the circuit be approximated as uniform (the same for the entire length)?

The catheter’s electrical equivalent circuit can be approximated as uniform (identical parameters
throughout its length) under the following conditions:

+ The catheter is relatively short or significantly shorter than the wavelength of signals used
(low-frequency signals), meaning transmission-line effects (such as reflections or standing
waves) are negligible.

+ The surrounding medium and physical environment (tissue, blood, fluid) is homogeneous,
resulting in constant electrical properties along the entire length of the catheter.

+ The geometry and materials of the catheter are uniform and constant throughout its length.

Under these simplified conditions, variations along the catheter length become insignificant,
allowing the use of a single, uniform equivalent circuit model instead of a piecewise approach.
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Modelling the catheter — liquid — membrane

system

Measure of energy density: Pressure (AP)->voltage
Measure of flow quantity: Flow (Q)->current

The resistance of the catheter liquid is:
Rcz%z% Pa-s/m’ (O=v-A)
= v :average speed of liquid

= A : cross-sectional area of catheter

Laminar flow, the Poiseuille equation*:

- 1 : viscosity of the liquid B 8nl.
= |, : length of the catheter T mert
= r,: radius of the catheter '

cPrL

*See Moodle:
Annex_HydraulicResistanceCalculation

* In analogy with electrical circuit, the pressure (measure of energy density)
corresponds to the voltage, and flow to current

- we can calculate the resistance of catheter Rc as the ratio AP/Q

* |n laminar flow we assume no transfer of mass in radial direction. This is
particularly true in the presence of low flow.
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Modelling the catheter — liquid — membrane

system

= |nertance of the liquid

AP . dQ dv Force m-a
E\ectr'\c.al circ: L —_ Wlth - = . A =q - A — —
Leu/(difdt) ¢ da dt dt and AP surface A
dt m=p-V=p-A.l
_m-a _ L _m a: acceleration
L. = =L =— _ -
Aa-A A m: mass of the liquid
p-: density
A: Section
= Compliance of catheter liquid: I length
= E. : Volumetric elastic modulus Flectrcal cir
. e e g . AV 1 C=Q/V (Q=charge)
(measure of material rigidity/stiffness) C ==L o=
° AP E,
cPrL

Inertance: In electrical circuit u=Ldi/dt =>L=u/(di/dt) so, in the hydraulic circuit L can
be deduced by considering the analogy

Compliance: In electrical circuit, the capacitance is the ratio charge/voltage, so the
compliance can be deduced by considering the analogy.

To note that a high compliance correspond to a flexible material (low E)

(Elastic modulus is the material ability to resist elastic deformation when stress is
applied to it. It is a measure of a material’s rigidity or stiffness.)



Modelling the catheter — liquid — membrane

system

= For the probe(p), catheter (c) and membrane (m) : | 2%
1 _ 8nlpe _ My o
Coem = Eyom Rype=— 2, P T, nl c
= L, length of probe or catheter [ le
= R, radius of probe or catheter N
P

= E, ., elastic modulus of the probe, catheter or membrane

* For <<l and rp>>r,: R>>Rpand L >>L,
= ForE,<<E.and E, <<Ep: C,>>Cpand C,>>C,
c 1 _ 8l L. = mc
E c — 4 c — -
moE. -7 Az

cPrL

We assume: long, thin and hard catheter (pipe), while the probe part is thick and
short with a flexible membrane. Based on these, we can make approximations to
simplify the equivalent circuit
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Modelling the catheter — liquid — membrane

system
AL ARgi Alg ARgi ALy ARg i Le Re
oI YN LYY AN,
T e s e e
e e

R>>Rpand L>>L, C. >>Cyand C>>C,

Lo Re
o-rrrr—[H
U~AP, J Crm J a
— u,~AP, AP,
du, AP,
dt
2
u(@)=L1.C LD po O o

t2

cPrL

« AC. is very low (rigid catheter) so there is no flow going through, we replace all
AC. by open circuit.

« The final equivalent circuit corresponds to a 2" order system.

« We can find the relationship between the input voltage ui, analogous to the
applied pressure, and the output voltage uo, analogous to the pressure at the
diaphragm , by using Kirchoff’s voltage law in the RLC circuit.



Modelling the catheter — liquid — membrane

system

2r,
= Second order system n#
IC
2 /N T\ e <>
u,()=LC, d ”02“) +RC, duot(t) +u, (1) I
isti 1 d’u,(t) 2¢ du(t
ggfgﬁgtnenstlc u (f) = = d;Z( )_,__é/ o )+uo(t) .- L R — 8nl,
0 o m E ¢ i - 7‘4
W, = 1 Em § C
u T T Wy =T T
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p- density
=PrL

Considering the characteristic equation we can identify the natural or resonance
frequency and the damping in terms of geometry and materials properties of the
catheter-liquid-membrane

» Natural frequency (pulsation): is the frequency or rate at which an object /system
vibrates/oscillates naturally when disturbed

« Damping: is the process of dissipating energy to prevent vibratory motion
(mechanical oscillations)

» For the calculation of natural frequency and damping using the theoretical
equations we need to know the dimension and properties of catheter-liquid-
membrane system

In practice, we can study (measure) the transient response and the frequency
response of the catheter-sensor system experimentally, as shown in the next slides
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Modelling the catheter — liquid — membrane

system

= Step response surgical
| three- gIove
PSRN — way
z ) stopcock | " match
(j +1 .“Ll_ — e O-ring
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) _ f ——
- . g
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—° bulb ]
L |
D=1 1a W At time t, the glove is burst
Aa Y1 B
EPFL T

The natural frequency and damping are measured experimentally by using step
response (explosion of an air balloon or surgical glove).

The basis of the transient steps response method (called also ‘pop’ technique) is to
apply a sudden step input to the pressure catheter (e.g., explosion an air balloon or
surgical glove) and record the resultant damped oscillation of the system.

Method described in the figure:

» Usage of surgical-glove material (elastic) to cover the cavity and allow increasing
the pressure

» System pressurized by squeezing the sphygmomanometer bulb
 Balloon punctured with a burning match /hot iron
* Response observed using a storage oscilloscope or data acquisition system

» Measure the amplitude of successive peaks and determine the logarithmic
decrement D

* Measure the time between successive positive peaks
» Calculate the damping ratio ¢ and natural pulsation w
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Modelling the catheter — liquid — membrane

system

= Response to a sinusoidal signal

FQ%EDE?

i Catheter

]

“Ideal”
sensor ~ _'I

Underwater
speaker

—— Saline

- Low-frequency
~ Sine generator

cPrL

The natural frequency and damping are measured experimentally by exciting the
catheter with a sine wave pressure actuator with changing frequency.

* This method is more complex compared to the step response

Method:

» Alow-frequency sine generator drives an underwater-speaker system that is
coupled to the catheter of the pressure sensor under test.

* An ‘ideal’ pressure sensor (freq response 0-100Hz) is connected directly to the
test chamber housing and monitors input pressure

» The model of the catheter —sensor system is obtained by determining the
amplitude and the phase of the output as a function of frequency
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Frequency range of extravascular sensor

u,(jw) |t [zrc E,
Uu; (](I)) a T P

fD =T 47Tplg

The frequency range is limited by the size of catheter (I,r),
the membrane elasticity (E,,) and density (p) of the liquid
-> low pass behavior
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Once we have determined the frequency range of the catheter, we need to test if it
is wide enough to encompass the frequency band of the blood pressure.

To broaden the frequency band, we must mitigate the inertia of the liquid in the
catheter. One approach is to place a membrane at the tip of the catheter, ensuring
direct contact with the blood.
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Intravascular sensor

/
= Move the sensor at the tip of catheter and avoid
the RLC circuit which reduces the frequency band

= Example: "Gaeltec" 7

= Structure: metallic diaphragm with deposed gauges

= Excitation: 5V AC r.m.s. maximum or 1V DC maximum

= Bridge resistance: 1.5kQ2 nominal

= Sensitivity: 5uV/V/immHg =Example catheter diameter: F5

= Range: 0 - 150mmHg for urology =F: French scale (0.33 mm)

= Range with temperature compensation:15-40° C *F5=1.65mm

= Temperature offset: < 0.05%FS/° C

= Temperature sensitivity: < 0.2%/° C

= Linearity error and hysteresis: < =1%FS BSL

= Surpressure: 600mmHg
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This sensor is also used for measuring pressure inside and outside of the bladder



Millar intravascular sensors

-
\ \\\‘}-‘?;;';‘ ;; =
Specification Z°
Part Number 8250101 : — Fhid-Fitkd
Catheter Material Nylon g
Effective Length 120cm _\ ' :
French Size (Sensor) 35F (1.2 mmod.) et
French Size (Catheter Body) 2.3F (0.9 mm o.d.) . .
Tip Characteristics Straight .
Connector Type Low Profile
Reusable No .
Ship Sterile Yes TrTTIITTIoTTTITTTpTTATTIATTIATTIATS
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In the right figure we can see the faster response of the intravascular sensor (blue
signal) as compared to the response of fluid-filled catheter (red signal).



RESISTIVE SENSORS

Part V- Indirect measurement of
arterial pressure
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Indirect methods (non-invasive):
Techniques such as auscultatory or oscillometric methods are clinically significant

for routine screening, diagnosis, and management of hypertension and
cardiovascular risks. They are safer, simpler, and suitable for widespread use,
facilitating early detection and ongoing management of cardiovascular diseases.




Measuring arterial pressure: Indirect measurement

Pressure

mmHg  Cuff pressure
Systolic pressure

kPa

15—

0~ Arterial pulse pressure

Diastolic pressure

5 Air pump

Stethoscope

Time ——==
1
Inflatable cuff — * H —
v L .
Korotkoff sounds

in stethoscope
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At the beginning, using air pump, the cuff exerts a pressure higher than systolic
value (e.g. 180mmHg or higher to block blood flow in artery).The stethoscope
allows to listen to sound produced by circulation of blood (Korotkoff sounds). A valve
in the the air pump is open to decrease the cuff pressure linearly. The user notes
the value of pressure displayed by the manometer when the sound appears (first
sound) corresponding to systolic pressure and when the sound disappears (last
sound) corresponding to diastolic pressure. Only these two values of pressure
profile can be measured.
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Korotkoff method

= The cuff pressure is raised above the systolic pressure e.g. 180mmHg:
The artery is blocked preventing all circulation of blood.

= The cuff pressure is decreased by 2-3mmHg/s.

= When the systolic pressure = occlusive pressure,
the blood begins to flow again

= The stethoscope detects an audible sound (Korotkoff). The pressure
value corresponds to the systolic pressure (around 120 mmHg).

= When the cuff pressure reaches the diastolic pressure, the Korotkoff
sound disappears (~ 80 mmHg)

cPrL

56



Korotkoff method

= The Korotkoff sounds goes through 5 phases:

= phase 1 : the initial sound (cuff pressure = systolic pressure)
phase 2 : the intensity of the sound increases
phase 3 : the sound reaches its maximum intensity

phase 4 : the sound is muffled and muted
(cuff pressure = diastolic pressure)

phase 5 : the sound disappears

= Origin
= Turbulences, vibration of the arterial walls

= Accuracy
= underestimates the systolic pressure by 1 to 13 mmHg
= overestimates the diastolic pressure by 8 to 18 mmHg

cPrL

Why Korotkoff method underestimate systolic blood pressure and overestimate
diastolic blood pressure?

1. Underestimation of Systolic Pressure:

» Cuff Deflation Rate: If the cuff is deflated too rapidly, the Korotkoff sounds indicating
systolic pressure may be missed or not heard clearly. This can result in

underestimation of systolic blood pressure.

* Arterial Wall Characteristics: In some individuals, especially those with stiff arteries
(common in older adults), the Korotkoff sounds may be muffled or difficult to hear.

This can lead to underestimation of systolic blood pressure.

* Pressure Sensitivity: In certain conditions such as hypotension or shock, the point at
which Korotkoff sounds appear can be difficult to discern due to low pressure levels,

resulting in underestimation of systolic blood pressure.

2. Overestimation of Diastolic Pressure:

» Incorrect Technique: If the practitioner fails to properly position the stethoscope or
accurately determine the point at which Korotkoff sounds disappear, it can result in

overestimation of diastolic blood pressure.
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Oscillometry method

= |dentical to the Korotkoff method; however the
measurement of systolic and diastolic pressures is done
directly by reading the cuff pressure and not by the
stethoscope

= Change of volume under the cuff at each pulse

= Change of air volume inside the cuff

= Change in cuff pressure

= Sensors measure the pressure value inside the cuff

cPrL

Most automatic blood pressure monitors use an oscillometric technique. The cuff is
inflated and then released gradually just like the manual method (Korotkoff method),
but instead of listening for sounds, a pressure sensor monitors the small
oscillations in cuff pressure caused by the pulsing of blood under the cuff.

By analyzing the amplitude and pattern of these oscillations during deflation, the
systolic, diastolic, and mean arterial pressures are determined electronically and/or
using signal processing methods, without needing a stethoscope.
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Oscillometry method

at S, the cuff pressure starts to decrease (AC component) ; ‘ !
= A, = systolic pressure estimated by the Korotkoff method (Ps) 0
= A, = diastolic pressure estimated by the Korotkoff method (Pd) S ‘ '
= A,, = mean arterial pressure (Pm)

Cuff
pressure

AC component

‘ [ Ad diastolic

As: systolic
A mean
Cuff
pressure s High-pass envelope d Um
ensor N —_—
— filter > detector dt T
Um
; Pm o\l -
Ps : Pd pressure . mMmHg
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With each heartbeat, even while the artery is partially compressed, a tiny fluctuation
(an oscillation) in the cuff pressure occurs due to the arterial wall vibrating. The
device filters and analyzes these pressure oscillations. Typically, the amplitude of
oscillations starts small when the cuff is above systolic, then grows and reaches a
maximum around mean arterial pressure, and then decreases again as the cuff
pressure drops below diastolic. The algorithm identifies key points in the oscillation
amplitude curve to estimate systolic and diastolic pressures.

Advantages: Ease of use (only an arm cuff and a microprocessor are needed), and
it can even be used in noisy environments or on patients where Korotkoff sounds
are hard to hear.

Disadvantages: It can be less accurate in patients with arrhythmias, very low blood
pressure, or other conditions, and it provides no auscultatory information (like
detection of arrhythmias that a human might hear while listening).
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Tonometry

= Vessel wall partially flattened

= Pressure gradient vanishes through
flattened part

= Pressure measured outside vessel = arterial
pressure

= Applications
* Measuring heart rate
= Measuring ocular pressure

cPrL

Another non-invasive technique involves pressing a sensor against an artery to
partially flatten it (applanation tonometry). When the artery is flattened just
enough that the pressure inside equals the pressure applied outside (no net
pressure gradient across the wall), the sensor reading on the surface equals the
arterial pressure.

In practice, a flat pad with strain gauges (a force sensor) is pressed over a
superficial artery (like the radial artery at the wrist). When calibrated and held at the
correct pressure, it can capture the pulse pressure waveform continuously without
needing an internal catheter.

Advantages: Provides a continuous arterial pressure waveform non-invasively and
can be used for beat-to-beat monitoring.

Disadvantages: It requires precise positioning and constant contact; motion or slight
shifts can cause error. It's also highly dependent on calibration and usually needs
individual calibration with a conventional cuff method
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Example: Ziemer tonometer

61

g time (secs) v
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In ophthalmology, a similar concept is used for intraocular pressure measurement:
applanation tonometry on the eye flattens the cornea until internal eye pressure
equals external force — the force measured at that point (via a strain-gauge based

force sensor) indicates the intraocular pressure.
This is critical for glaucoma diagnosis.
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RESISTIVE SENSORS

Part VI- Force measurement:
instrumented implant
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Resistive sensors (especially strain gauges and force-sensing resistors) are widely
used to measure forces in biomedical applications, from internal implantable
devices to external platforms and wearables.
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Kinetic measurement

Force sensors J\j}(j_}
= The force is transformed to deformation via a e
test specimen &y
L . : , o\ C——
= Testing in tension, compression, flexion or &y T
shear o
T
i e,

= The deformation is measured by a metallic or —
semiconductor strain gage mounted on a
Wheatstone bridge.

cPrL

The measurement of the force requires a mechanical component, such as a beam
or bar, to convert force into strain. For instance, when force is applied to a beam in
flexion, the superior part of the beam elongates. Various forces, including tension,
compression, flexion, and shear force, can cause different deformations in the test
specimen.

To measure these deformations, metallic or semiconductor strain gauges can be
mounted on a Wheatstone bridge. This allows for accurate detection and
quantification of the resulting strain caused by the force applied to the test
specimen.
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Kinetic measurement

= Example of a test specimen in tension — compression
mode

——> Flexion?

T ""iizf;iii‘rh Jq Ign l

tension

&
l - |l

compression

cPrL

Here is an example of test specimen - the metallic cylinder - where we want that the
sensor measures the vertical force and not be sensitive to other components of
force (i.e. shear force). So, it is important to place the sensors (strain gage)
correctly and understand the effect of the various forces on sensor

deformation.

For a force providing an elongation (resp. compression) of cylinder, the green gages
measure a tension (resp. compression) while the red ones measure compression
(resp. tension depending Poisson coefficient). Therefore red (resp. green) gages
should be placed in opposite arms (two in each arm), to increase the

sensitivity of the bridge.

Note that a shear force (horizontal component of force) will provide a flexion (e.g.
tension in J1 and J4 and compression in J'1 J'4) which should not affect the
measurement since green gages are in opposite arms. Similar is the case of red

gages.
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Here is an example of the beam in flexion mode, and the goal is again to know how
to place the strain gages in order to have a maximal sensitivity. The force shown in
the figure corresponds to a flexion - that means the superior part of the beam will
be elongated and the inferior part compressed.

Imagine that you have 4 strain gages, we will place 2 on the superior part (R1, R4),
and 2 on the inferior part (R2, R3). To obtain the maximal sensitivity of
Wheatstone bridge, we place R1 and R4 on opposite arms, and R2 and R3 on
the other 2 opposite arms

The sensitivity of the force sensor is K'u, where K’ includes the gage factor as well
as dimensions and properties of the test specimen (relationship between strain and
force, according to dimensions and shape of the test specimen).

Important note: A Wheatstone bridge’s output is ratiometric with respect to its
excitation voltage. This means the output voltage scales linearly with the supply
(excitation) voltage. The bridge output is often specified in terms of millivolts per
volt (mV/V) of excitation. For example, suppose our full-bridge strain-gage sensor
has a rated sensitivity of 2 mV/V under a certain bending strain. This indicates that
for every 1 V of excitation, the bridge will output 2 mV of differential voltage (at full
strain). If you excite the bridge with a 10 V supply, the output would be about 20 mV
at that same strain level. Likewise, using a 5 V excitation would yield a 10 mV
output, and so on. This ratiometric behavior is useful because it allows easy scaling
of the sensor’s output and ensures that any variation in excitation voltage (within the
sensor’s linear range) proportionally affects both the output and the measured
reference, maintaining accuracy.
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Instrumented prosthesis
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An interesting application of strain gages in medical settings is in instrumented
prostheses. In the image shown here, strain gage (shown on the right) are inserted
into the prosthesis, and a coil is used to provide power the Wheatstone bridge
inside through magnetic coupling. The instrumentation is integrated into the hip
implant, and during daily activities such as walking, the force can be measured,
and its value evaluated to provide feedback to the subject. This feedback can help
the individual adapt or improve their walking or gait. It is also useful in research to
determine the contact force in the hip, which is crucial for designing new
prostheses.
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Measurement of force and symmetry

= SImOS J =

Smart Implants for Orthopaedics Surgery r

medial lateral

condyle condyle

E P F L Sensors in Medical Instrumentation: Resistive Sensors 67

This is another example developed in EPFL, where instead of instrumenting the
metallic part of the prosthesis, which could necessitate changing the design/shape
in order to integrate the electronics, here the instrumentation is inserted into the soft
polytene part which is placed between femoral and tibial part of the implant (here

the example is a knee prosthesis).

Two strain gages are placed on the medial condyle and the lateral condyle of the
insert to measure the amount of force applied. This can inform, for example, if the
subject has a normal gait (walking pattern) with a normal distribution of force. If for
example there is a medical condition — the prothesis is loosen or there is an injury -

this can be detected and corrected.
Can be used also during surgery to align the femoral with the tibial part of the knee

The animation shows that his micro structure inside the insert allow measuring force

balance of prosthesis.
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RESISTIVE SENSORS

Part VII- Force plate:
application in biomechanics
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Force plates are mechanical sensing systems designed to measure the ground
reaction forces and moments involved in human movements. A force plate relies
on the use of load cells to determine forces. The load cells may contain strain
gauges or piezoelectric elements (Chapter Piezoelectric Sensors).

As force is applied to the plate, the sensors distort thereby causing measurable
voltage changes that are proportional to the applied force. Placing the sensors in
different orientations enables the direction and magnitude of forces in 3D to be
obtained.
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Force platform

= The force platform allows:
= the measurement of external forces
= the estimation of the center of pressure (CoP)
= the measurement of joint forces and moments

=PrL
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Force platform: ground reaction force

1. Heel Strike
2. Weight Acceptance
3. Mid Stance Phase

4. Push Off \/ Sidewards
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Vertical

Forwards/Backwards :
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Measurement of External Forces

The force platform (also known as a force plate) measures the external reaction forces exerted by a person or
an object upon it. These reaction forces typically include vertical (ground reaction force), horizontal
(anteroposterior and mediolateral), and shear forces. Such data are crucial in biomechanics, as they help
analyze movement patterns, gait, balance, and performance. For instance, measuring external forces allows
engineers and researchers to understand how much force is generated during jumping, walking, or running,
enabling evaluations related to performance enhancement or injury prevention.

Typical usage scenarios:
1. Clinical assessment of gait abnormalities.
2. Analysis of athlete performance (jumping, running).

1. Clinical assessment of gait abnormalities: The vertical ground reaction force (GRF) increases when the
center of mass is accelerated upwards and decreases when the center of mass is accelerated downwards
(deceleration). The GRF is therefore not constant and varies according to the displacement of the center of
mass during the different phases of gait.

During walking (see figure), the vertical GRF is characterized by two maximums and a minimum.

» The first maximum is after the initial contact of the heel (heel strike) and exceeds the body weight: the body
weight is fully supported on one foot and the body is accelerated upwards.

* Then the body decelerates (acceleration downwards) and the vertical GRF decreases. The minimum
corresponds to the late stance (pre-swing phase), when the vertical GRF drops below body weight as the
foot prepares to leave the ground.

* The second maximum is associated with the acceleration phase, or pushing and again exceeds the body
weight: the body weight is fully supported on one foot and the body is again accelerated upwards.

Finally, the force reaches zero when the foot leaves the platform (terminal contact) while the other foot fully
supports the weight of the body.
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Example: vertical ground reaction force

during walking

Vertical Force

120 Healthy subjects

Patients with ankle arthritis

% of weight
(0]
o

I
o

Stance bhase %
=P~L

The figure shows the vertical reaction force during the stance phase
comparatively between healthy individuals and patients with ankle arthritis,
represented as a percentage of their body weight. For patients with ankle
arthritis, a plateau is visible, indicating that they walk slowly and with a low
heel strike impact to avoid joint pain. The graph shows the average value and
standard deviation for the group of compared subjects.
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Force platform: jump

Example:
Countermovement
Jump CMJ
>

A
Vertical Force
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Power — f—— - P=Fxvy
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Force plates have multiple applications in sports, one of which is to evaluate the
performance of athletes by asking them to perform a specific action, such as a
countermovement jump (CMJ). During the CMJ, the athlete starts in a standing
position, performs a quick downward movement (the countermovement), and then
explosively jumps upward.

In the example shown here, the force plate records the profile of the vertical
reaction force during the various phases of the jump.

The vertical force can be used to calculate the acceleration (acc) of the athlete
using the formula F/mass. By integrating the acceleration, we can obtain velocity,
and by integrating the velocity, we can find the height of the jump. Additionally, by
multiplying the force by velocity, we can calculate the power of the jump.

These estimations of various parameters, such as power and duration of flight, can
be used to evaluate the performance of the athlete. For example, by asking them to
perform several jumps, we can identify athletes with high performance or evaluate
their rehabilitation progress after injury.
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Example: calculating the jump height
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Here is another technique to measure the jump height based on assumption that
during the jump the kinetic energy is transformed entirely to potential energy.

The maximal height corresponds to the maximal change of velocity. From the profile of
velocity, we can observe that at the beginning there is a certain velocity, but during the
jump this velocity is loosen: at the beginning of jump the velocity is maximal (go
upward), at the maximal jump height velocity is close to zero, then during downward
velocity is negative because it is in opposite direction at landing compared to takeoff.

So, the maximal change in velocity corresponds to the difference between velocity at

takeoff and velocity at the maximal position.

It can be assumed that the maximal position (height) is reached at the middle of flight

time (same time for ascending and descending phase)
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Posturography: coP sway During Standing

-

= Body sway is controlled by: 11! Center of Mass
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= Proprioceptive system - distribution

1) R-CoP—-W- -CoM=1-® Center of Pressure
body (CoP)
mass Pressure mat or

CoP -CoM = I_w Forceplate
W

R=W

w: angular
acceleration ,

I:momentof 4 /|

inertia of total ;

body about ankle

' _com. -
da-w \Horizontal ) X

linear .
COP—COM = KCOMA acceleration LZ -

of CoM

g
ankle K: constant (anthropometric)

<>
- CoP
E Pl- L Sensors in Medical Instrumentation: Resistive Sensors 74

Maintaining balance involves continuous integration of information from the muscular, proprioceptive, and
vestibular systems, along with visual input. The central nervous system constantly combines data from
these sources to assess stability, predict potential imbalance, and produce timely muscular corrections. If
one system is compromised, the others typically compensate to maintain equilibrium, although balance may
become more challenging or less stable under demanding conditions.

The center of pressure is the point location on the force platform surface where the resultant ground reaction
force vector is applied. This point provides valuable information on balance and postural control. As the
body shifts or moves, the CoP moves accordingly, indicating how effectively an individual maintains
balance. Analyzing CoP trajectories helps engineers and researchers assess stability, evaluate balance
disorders, and athletic performance.

CoP trajectory: When you are in a standing position, you are in an unstable situation because your body's
center of mass (CoM) is approximately 1 meter above the ground. It's like to an inverted pendulum that
requires you to maintain balance and equilibrium at all times. This is done by the muscular force applied on
your lower limbs and your trunk in order to keep your CoM stable; at any time, your muscles are stimulated
in order to keep your balance. So, in order to keep your body mass in stable position, you have to apply a
certain force on your foot (feet) that can be measured by the force plate.

Relationship Force-Pressure: In purely physics terms, force (F) represents a vector quantity whereas
pressure (p) represents a scalar quantity defined by the ratio between the normal force acting on a given
surface and the area over which this force is applied. With the force-plate posturography, the postural
control assessment is based on the characteristics of the center-of-foot pressure (COP) oscillations
which are equivalent to spontaneous COM motions on the level of the base of support (feet).

Relationship CoP-CoM: Body weight W is equal and opposite to the vertical reaction force R, and this
‘parallelogram’ of forces’ acts at distance CoM and CoP respectively from the ankle joint. Both W and R will
remain constant during quiet standing. Assuming the body to be an inverted pendulum (see figure), pivoting
about the ankle, a counterclockwise moment equal to R*CoP and a clockwise moment equal to W*CoM will
be acting according to eq (1), where | is the moment of inertia of the total body about the ankle joint.
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Quite Standing Posture: com versus cop
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When the CoP moves ahead of the CoM, it generates a backward acceleration to bring the
CoM back into alignment. Conversely, when the CoP moves behind the CoM, it accelerates
the CoM forward. As a result, the amplitude and frequency of CoP fluctuations are always
greater than those of CoM variations, making CoP a more dynamic and responsive
measure, while CoM moves relatively less and more smoothly over time.

This explains why CoP variations are higher frequency and amplitude compared to CoM,
especially noticeable during quiet standing, where continuous and subtle neuromuscular
adjustments maintain balance.
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Postural sway in clinical assessment

Objective:

To examine the center-of-pressure (COP) velocity association with
cognitive status and history of falls, in cognitively healthy individuals
(CHI), patients with mild cognitive impairment (MCI), and with mild-to-
moderate Alzheimer’s disease (MMAD).
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Conclusion:

identifying people with and without cognitive impairment who are at
risk of falls risk via the evaluation of the postural control strategies
might be a valuable window of opportunity for fall-prevention
interventions.

Mignardot, Jean-Baptiste, et al. "Postural sway, falls, and
cognitive status: a cross-sectional study among older
adults." Journal of Alzheimer's Disease 41.2 (2014): 431-439.
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Measurement of postural sway is clinically significant as it helps detect balance
impairments in older adults. Increased sway is associated with higher fall risk and cognitive
decline, particularly in conditions like mild cognitive impairment (MCI) and Alzheimer's
disease. Thus, analyzing postural sway can aid clinicians in early identification of
individuals at risk of falls and cognitive deterioration, supporting timely intervention and
management strategies to enhance quality of life and reduce injury risk among older
populations.

The observed associations between increased postural sway, higher fall risk, and cognitive
impairment can be explained by the interconnectedness of motor control and cognitive
functions. Cognitive decline—such as mild cognitive impairment or Alzheimer's disease—
often affects executive functions like attention, planning, and sensory integration, which are
essential for maintaining balance. When cognitive processing is impaired, the ability to
quickly integrate sensory information and generate appropriate motor responses
diminishes, resulting in increased sway and instability. Consequently, these individuals
become more susceptible to falls. Thus, postural sway not only reflects motor control but
also serves as an indirect marker of cognitive health.
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RESISTIVE SENSORS

Part VIlI- Wearable force measurement:
gait analysis

Sensors in Medical Instrumentation: Resistive Sensors
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Plantar sensors
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Force Sensing Resistor (FSR): is a flexible sensor, designed to measure the force
at the location where the sensor is placed, for example under the foot to measure
the heel strike or toe-off. The sensor consist of a resistive film, flexible, and placed
on a flexible material.

When conditioning a flexible FSR with an operational amplifier (voltage follower), a
compensating resistor R is necessary because:

» The resistor forms a stable voltage divider with the FSR, converting its nonlinear
resistance into a measurable voltage output.

It provides a defined DC path for the amplifier's input bias currents, preventing
drifting or floating inputs.

» Selecting an appropriate resistor value enhances the sensitivity, linearity, and
accuracy of the measurement across the sensor's useful range.

So, the compensating resistor ensures stability, accuracy, and consistent
performance of the FSR measurement system.

The following slides illustrates few applications of FSR for analysis of gait. The
terms ‘gait’
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Plantar sensor
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= Applications Em—
= measure the pressure distribution under the foot —— =

= Platform with high number of sensors (cells)

» |[ntegrate the sensors inside an insole
= Diabetes

= Functional Electrical Stimulation (FES)
= Gait analysis . __
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Applications of Planar Force Sensors:

1. Measuring Pressure Distribution Under the Foot

Planar force sensors measure the detailed pressure distribution beneath the foot during
standing, walking, or running. This data reveals how pressure is distributed across the plantar
surface, identifying abnormal loading patterns that can contribute to discomfort or injury.

2. Platforms with High Number of Sensors (Cells)

Platforms incorporating many closely-spaced sensing cells provide high-resolution pressure
maps. This detailed data allows clinicians and researchers to precisely detect pressure peaks
and loading patterns, aiding in clinical diagnoses and biomechanical analyses.

3. Sensor-Integrated Insoles

Sensors integrated into shoe insoles permit continuous, real-world monitoring of pressure
distribution within footwear. These wearable systems capture foot pressure during daily
activities, providing critical data outside clinical or laboratory settings.

4. Diabetes Management

Patients with diabetes often suffer from peripheral neuropathy and reduced sensation, leading
to foot ulcers due to unnoticed excessive pressure. Planar force sensors help detect these
critical areas early, guiding interventions such as customized orthotics, therapeutic footwear,
and patient education to reduce ulcer risk.

5. Functional Electrical Stimulation (FES)

In FES, planar force sensors provide real-time feedback on pressure distribution to adjust
electrical stimulation patterns dynamically. This feedback improves walking performance, gait
symmetry, and postural stability in individuals with neurological impairments, such as spinal
cord injury or stroke.

6. Gait Analysis

Planar sensors play a fundamental role in gait analysis by quantifying temporal-spatial
parameters such as stride length, step width, and walking speed. Pressure distribution data
obtained during gait assessments assist in diagnosing gait abnormalities, evaluating treatment
effectiveness, and designing rehabilitation interventions to improve locomotion.
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Example: Foot loading during walking after hip

Before intervention After intervention

— :leftfoot |
—— : right foot

Force (a.u.)

Sum of all sensors.

Time (sec)

Moufawad El Achkar et al., EPFL thesis, 2016
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The graph on the left depicts, the total vertical force applied under each foot after surgery, but
before starting the rehabilitation. On the right we can see measurements for the same patient
after two weeks of rehabilitation.

While Ai<A,shows less asymmetry, the amplitude of the force has increased in both feet after
rehabilitation.

Main raisons:

- No use of walking aids

- Increased walking speed
- Less pain
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Temporal gait analysis

Gait cycle
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FSR can be used for gait analysis. This topic will be analyzed in more detail in the

chapters dedicated to capacitive and piezoelectric sensors.

Definition of ‘gait’: Gait is the pattern or manner in which a person walks, involving

coordinated movements of limbs and body segments.

Importance in clinical assessment: Analyzing gait is critical in clinical settings
because it helps detect and characterize neurological, musculoskeletal, or
functional impairments. Changes in gait patterns often indicate underlying disorders,

track disease progression, or inform rehabilitation strategies.
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Measuring the temporal gait parameters

= Stance and swing phases, initial and terminal double
stance, ground impact (heel strike), heel and toe off,
rolling of the foot.

= Sensors are fixed directly on the sole of the foot or
incorporated in an insole.

FSR cycle = 2 steps
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During the stance (foot on ground) the FSR decrease (more exerted force). So its

possible to detection swing (foot on air) and stance phase
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Measuring the temporal gait parameters

= Application
= Distinguish normal from pathological gait
= Better understand the muscle activity of the lower limbs

Stride time = 2 steps
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FSR can be completed by EMG measurement of lower limbs to evaluate the muscle
activation during different phase of gait.
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Example: increased Stride time variability with disease
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FSR allows to detect stride duration and quantify stride variability.

Stride variability refers to fluctuations in stride duration from one step to the next. It typically
increases due to factors such as aging, neurological disorders, balance impairments, or fatigue,
due to the complex controlled mechanism.

Gait is primarily controlled by the central nervous system (CNS) through coordinated actions
involving:
* Motor cortex:

Initiates and controls voluntary movements, adjusting walking patterns based on environmental
demands.

- Basal ganglia and cerebellum:
Refine and coordinate movements by regulating timing, rhythm, and precision of muscle
activation.

« Brainstem and spinal cord:
Contain central pattern generators (CPGs) that produce rhythmic stepping patterns
automatically, even without conscious control.

» Sensory feedback:
Sensory information from muscles, joints, and skin continuously informs and modifies gait
patterns for stability and adaptability.

Disruptions or impairments in these CNS areas can significantly alter gait, making gait analysis
crucial for assessing neurological and functional conditions.



