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• Fundada en 5 de mayo de 1954
• 101 cursos de grado
• 53 cursos de posgrado

• Personal:
• 1.630 profesores
• 2.200 administrativos
• 19 mil estudiantes de grado 
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Technologies in WR

• The limiting factor in developing novel robots 


• Few examples of fully portable wearable robots 


• Lack of enabling technologies


• Ambulatory scenarios require:


• Compact, miniaturized, energetically efficient technologies


• Control, sensors, actuators

“Actuators and power sources are 
the ones that probably most limit 
wearability and portability at the 
present time.”



Sensor Technologies

• Three types of sensors will be addressed:


• Position and motion sensing: HR limb kinematic information


• Bioelectrical activity sensors


• HR interface force and pressure: human comfort and limb kinetic 
information



Sensor Technologies 
Position and motion sensing: HR limb kinematic information

• Encoders


• Magnetic (Hall effect) sensors


• Potentiometers and LVDTs


• Electrogoniometers


• MEMS inertial sensing technology
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Section 6.3 analyses and compares the most suitable portable energy storage technologies to enable
WR technologies.

Finally, case studies are presented, dealing with sensing of microclimate conditions in a
human–robot interface, the fusion of inertial sensor data in a leg exoskeleton and the biologically
based design of a knee actuator system.

6.2 SENSOR TECHNOLOGIES

The measurement of kinematic (position, acceleration) and bioelectrical activity is critical in wearable
robot applications. Force and pressure sensor systems to collect information about HRI interaction
(force, torque, pressure) may be vital for the application of an exoskeleton.

6.2.1 Position and motion sensing: HR limb kinematic information

The measurement of angular position or linear displacements of a given joint or segment is a funda-
mental requirement. The sensing technology that is selected for a wearable robot depends heavily on
the specifics of the target application. Various techniques can be considered to build sensors for joint
and segment positions in wearable robots. This section discusses a wide range of sensor technolo-
gies suitable for wearable applications, including encoders, magnetic sensors, potentiometers, linear
variable differential transformers (LVDTs), electrogoniometers and MEMS inertial sensing devices.

6.2.1.1 Encoders

Linear or rotary encoders are electromechanical transducers that measure absolute or relative motion.
Linear motion is converted into rotary motion via toothed belts, pinion gearings or cable control.
Encoders are classified as incremental or absolute. A relative encoder (also called an incremental
encoder) typically uses an optical switch to generate an electrical pulse when radial lines in a disc
pass through its field of view (Figure 6.1). External electronic circuits are required to count the pulses
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Figure 6.1 Incremental and absolute encoders. Reproduced by permission of Analog Devices
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Integration of Hall-effect-based transducers has been proposed for wearable robots. Examples of ap-
plications include tracking hand position (Ferrazzin et al., 1999), measuring position for active joints
in biomechatronic hands (Carrozza et al., 2001) and upper limb prostheses (Kyberd and Pons, 2003).

6.2.1.3 Potentiometers and LVDTs

Composed of a variable resistive material, potentiometers are the simplest position transducers. An
electrical contact causes variation of the measured voltage potential. Rotary potentiometers are suitable
for direct measurement of a joint angle with an analogue output. Potential dividers can be used for
signal conditioning. The advantage of the potential divider as opposed to a variable resistor in series
with the source is that dividers are able to vary the output voltage from maximum voltage to ground
within the mechanical range of the potentiometer. Problems of signal quantization and sliding noise
are the main drawbacks in precision rotary potentiometers. One example of integration in a wearable
device is the force controllable ankle foot orthosis to assist drop-foot (Blaya and Herr, 2004).

Another candidate for position sensing within an exoskeleton is the linear variable differential
transformer (LVDT), which is a relatively simple electrical transducer with high resolution and re-
liability. It is an absolute position sensor with a measurement range for linear displacements from
micrometres to several centimetres; however, it is less cost-effective at stroke lengths greater than
approximately 7 cm. Induction of current through a secondary coil caused by current driven through a
primary coil generates a differential voltage (see Figure 6.3). A conditioning circuit (voltage regulator
and sine wave generator) is required to drive the primary coil. LVDTs can be configured as rotary
devices and are typically available for full-scale travel of up to 120◦ of rotation. Several conditioning
solutions are commercial. The main drawback of an LVDT is the nonlinearity of the output signal
versus the input measurand. Examples of LVDT applications include measurement of probe deflection
for teleoperated nanomanipulation (Sitti, 2003) and spring length measurement for force estimation
in a gait rehabilitation robot (Veneman et al., 2006).

Table 6.1 summarizes the main comparative features of the sensor systems described for measure-
ment of joint position.

Figure 6.3 Cutaway view of an LVDT. Reproduced from Eric Pierce, GNU FLD

Table 6.1 Comparison of joint position transducers

Potentiometer LVDT Hall effect transducer Encoder

Linearity(%) 0.2–2 0.1–0.25 1–2 0.01
Resolution(µm) 5 0.25 0.1 0.25
Cost Low Medium Low High
Life Low Medium High High
Robustness Medium\low Medium Medium High
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Figure 6.4 Dual-axis electrogoniometers attached to the upper limb. The example presents instrumentation to
measure wrist flexion–extension/radio–ulnar deviation (left) and elbow flexion–extension (right)

6.2.1.4 Electrogoniometers

Another widely used technique in human biomechanics studies is electrogoniometry, which provides
an accurate means of measuring joint movements. Electrogoniometers consist of one or two resistance
strain sensing elements separated by a flexible film between two bars. An electrogoniometer is based
on the variation of voltage that occurs depending on the angle between the bars crossing a given
joint. Electrogoniometry systems are easy to set up for measurement of human joint angles (see
Figure 6.4), but are relatively costly and cumbersome solutions. Some applications can be ruled out
given the need to cross the joint concerned. An example of an application in control is an hybrid
orthotic system for gait improvement (Gharooni, Heller and Tokhi, 2000). Electrogoniometers have
been widely used in gait analysis under controlled conditions and more recently have been proposed
for everyday applications, e.g. a wearable biomechatronic system for analysis of leg movements
(Micera et al., 2004).

6.2.1.5 MEMS inertial sensing technology

MEMS inertial sensors are suitable for tracking changes in velocity, position and orientation. In the
past, accelerometers have been built with large mechanical masses and gyroscopes with multiple
mechanical gimbals and bearings. Recent advances in microelectromechanical system (MEMS) tech-
nologies have made miniaturized inertial sensors possible. These devices are currently an exciting
alternative to motion capture in wearable applications. Thanks to relatively low power consumption
and portability in addition to low cost and size, developments that integrate complementary tech-
nologies as wearable means of extracting body kinematic information can now be seen. Based on
micromachined accelerometers, orientation and position can be extracted by combining rate velocity
estimations from rate gyroscopes. Three-dimensional static orientation can be derived in a very direct
way using accelerometer or magnetometer data.

6.2.1.6 Accelerometer

An accelerometer can be used to measure the acceleration of a rigid body. The basic configuration of
a single-axis accelerometer consists of a mass attached to a spring (Luinge, 2002). The displacement
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Figure 6.6 Operation of a vibrating gyroscope

Optical gyros are also available; these are based on the detection of phase differences in light waves
travelling counter to the direction of rotation. Optical gyroscopes offer higher bias stabilities than
vibrating gyroscopes but are more costly.

Recent advances in wireless technologies are being combined with MEMS inertial sensors to
configure novel motion capture platforms (Brunetti et al., 2006). In particular, accelerometers have
been judged suitable for compensation of user motion, e.g. in closed-loop configurations for wearable
vision platforms (Mayol, Tordoff and Murray, 2000) or tremor compensation in instruments for
microsurgery (Riviere, Ang and Khosla, 2003). Examples of applications of rate gyroscopes include
active compensation of upper limb tremor by means of motorized exoskeletons (Rocon et al., 2005),
control and monitoring of leg orthoses (Moreno et al., 2006), neural vestibular prostheses (Liu et al.,
2003) and others. Case Study 6.5 describes a method of estimating limb orientation in exoskeleton
devices by means of inertial sensors fusion.

6.2.2 Bioelectrical activity sensors

According to Malmivuo and Plonsey (1995), the human body can be modelled as a volume conductor
since it is composed mainly of electrolytes and thus has some conductivity. In human cells there is
a natural voltage difference between the inside and outside of the membrane. Depolarization of the
motor unit causes depolarization of the muscle cell. This depolarization produces an electric impulse
that travels through the volume conductor. The same operating principle can also be applied in the
case of brain signals, where the impulses produced by depolarization of the neuron cells in the brain
tissue travel through the volume conductor and can be measured on the scalp.

To record these electrical potentials, a set of electrode leads must be placed as close as possible
to the sources. There are two main approaches: one using surface electrodes on the skin and another
using internal electrodes placed near the active cells.

Amplification of these signals raises a number of issues, chiefly concerning safety and noise. In
order to acquire the signals with a high signal-to-noise ratio, a better contact between the lead and
the tissue is required. A better contact ensures less noise in the acquired signal, but on the other hand
it entails a greater risk of electric shock in the event of failure of the power supply system, as the
impedance contact between the user and the leads is relatively low. This risk is even higher in the
case of implanted electrodes, where the leads are directly connected to the internal tissue.

The materials used for the electrodes are highly dependent on the type of contact, e.g. silver/silver
chloride (Ag/AgCl) or stainless steel. These different materials present different electrical responses,
which are determined by their electrical properties. The electrodes can be used on dry or wet contacts,
or again they may be insulated. Insulated electrodes typically pose problems with the time constant



• Aims of the study:

• Investigate a calibration procedure to estimate sensor-to-body alignment 

• Estimate lower limb joint angles using inertial sensors

Gait Analysis Based on IMUs



Gait Analysis Based on IMUs

Fig. 3 Joint angular kinematics in stride percentage (from heel strike to heel strike) of one subject. Nine gait cycles were 
summarized by black curve (mean) and orange stripe (± std). front. Measurements and estimated parameters (c) walker 

without traction. (d) Walker following in front.  



Development of Wireless Motion Capture System

Coordinator

Device 1 Device 3Device 2

Analog and Digital integration 
uController (K53N512)

uController for handling the ZigBee Health Care 
Stack (MC13224)



Preliminary Experiments 
Ambulatory Assessment of Osteoarthrosis
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Bioelectrical activity sensors

• Muscles


• Depolarization of the motor unit causes depolarization of the muscle cell


• Producing an electric impulse 


• Brain:


• Impulses produced by depolarization of the neuron cells in the brain tissue 
travel through the volume conductor and can be measured on the scalp



Multimodal Interface for Robotic Rehabilitation

EEG 
Signal

EMG 
Signal

IMU 
Signal

Data 
Acquisition 

and 
Synchronism

Processing
Impedance 

Control 
System

Knee 
Exoskeleton

EEG Signal - Movement Intention 
EMG Signal - Muscle Activation 

IMU Signal - Movement

Movement 
Prediction



Bioelectrical & Biomechanical Monitoring
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HR interface force and pressure

• Piezoelectric sensors


• Capacitive force sensors


• Strain gauges


• Piezoresistive polymers


• Pressure sensing
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Strain sensitive pattern

Terminals
Compression strain gage

Tension strain gage Force

Figure 6.10 Working concept of strain gauges under bending

2002), and measurement of joint torques in upper limb exoskeletons for tremor suppression (see Case
Study 3.7). The resistance gauge consists of a thin metallic or semiconductor grid that is bonded to the
surface of the element. The bonded device is fundamentally designed to convert mechanical motion
into an electrical signal (see Figure 6.10). Under a given torsional stress the wired grid undergoes
a change in length and cross-section which produces a proportional variation of resistance, RG. The
gauge’s strain sensitivity or gauge factor, GF, is given by

GF = !R/RG

ε
(6.5)

where !R is the change in resistance caused by strain and ε is strain. Sensor stability and temperature
sensitivity are also considerations in the selection of a strain gauge. For long-term applications, tem-
perature and drift compensation is required. Typical materials are constantan, nichrome V, platinum
alloys, isoelastic, or Karma-type alloy wires, foils or semiconductor materials. The most popular
alloys are copper–nickel and nickel–chromium.

Strain gauge configurations are based on the concept of a Wheatstone bridge. A Wheatstone
bridge is a network of four resistive elements, in which at least one can be an active sensing ele-
ment. The electrical equivalent of a Wheatstone bridge are two parallel voltage divider circuits (see
Figure 6.11(a)). The Wheatstone bridge configuration is useful for measuring small variations in
resistance and can be configured as a quarter-bridge, half-bridge or full-bridge. The orientation and
number of active elements determines the type of bridge configuration.

An example of a basic Wheatstone bridge configuration is depicted in Figure 6.11(a). Full-
bridge gauges for bending-beam transducers can be found as combined patterns. The example in
Figure 6.11(b) presents single-surface gauging, which simplifies the construction. Once the signal V0

is acquired, this voltage can be amplified and converted to strain units with the appropriate conversion
equations. Signal conditioning can be performed by means of operational voltage difference amplifiers,
with adequate high impedance inputs.

Va

R1 R2

R4R3

− +
V 0

(a) (b)

Figure 6.11 (a) Basic Wheatstone bridge configuration and (b) example of bridge tee Rosette gauge pattern.
Reproduced by permission of Vishay Inter-technology, Inc

Optical Fiber Sensors



Motivation
ØExisting solutions (electronic or imaging devices) :

vHigh cost
v Fragility
v Instability
v Inconsistent feedback

Ø New solution base on optical fiber technology:

Drawbacks

Advantages

v Robustness
v Flexibility	
v Immunity	to	electromagnetic	interference
v Ability	to	multiplex	(sensing	networks)



Optical Fiber Sensors

• Small size and weight
• Multiplexing capabilities
• Cost effective

• Low transmission loss
• Immunity to electromagnetic

interferences

Core	(~10	µm)

Cladding	(~125)	µm
Coating

Optical fiber sensors advantages



FBG	Sensors
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Insole	Peparation

• Developed optical platform:
– Cork	sole	
– 5	FBG	sensors

• The	encasement:
– Cylindrical structures (1	cm)
– Filled with epoxy resin

FBG

1

2 3 4
5

Epoxy	resin	cylindrical	structures	



Results

• Sequenced events (activation)	
during gait

• Adequate sensibility and
temporal	response
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Results

Adding	the	wavelength	shift	of	the	5	sensors
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BUTTERFLY DIAGRAM

The changes in size and orientation of the GRV through the gait cycle can
be summarized by constructing a ‘butterfly’ or Pedotti (Boccardi et al
1977, Pedotti 1977) diagram (Fig. 5.12). The diagram also shows that the
forward speed of the CoP (indicated by the spacing at the base of each
vector) is not constant: it tends to slow down, or linger, over the instep
and the metatarsophalangeal joints (MTPJs).

EFFECT OF SPEED

The main effect of speed on the vertical GRF (Fig. 5.13) seems to be to
increase the braking peak and to decrease further the force during 

Part I THEORY92

Figure 5.12 Butterfly or
Pedotti diagram. Each arrow
represents the GRV at each

point in the gait cycle, the base
of each vector being the CoP at
that point in time. Notice that

the progress of the vector is
not constant – it slows down

over the instep and
metatarsophalangeal areas.

Figure 5.13 Effect of speed
on the load (vertical GRF)

during normal walking. Note
that the time axis is limited to
the stance phase in this figure
(all GRFs are, of course, zero in

swing) (redrawn from
Stansfield et al 2001, with

permission).
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