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Abstract - The availability of small and light micro- 
machined sensors for human use and the demonstration 
that useful signals can be derived from the natural sensors 
of the human body have enabled new developments in the 
area of feedback controlled PES assistance of human 
movements. This paper presents the need for sensory 
feedback in FES control systems and gives an overview of 
available artificial sensors for human use and progress in 
the derivation and application of signals from natural 
sensors. 

INTRODUCTION 
Feedback control of FES assisted movement control 

requires relevant sensory signals for feedback. Physical 
quantities relevant for feedback in FES assisted movement 
control can be of kinematic or kinetic nature. Relevant 
kinematic quantities are angles and angular velocities of body 
segments or joints as well as position, velocity and 
acceleration of specific points of the body. Relevant kinetic 
quantities are the pressure distribution under the feet or on the 
skin surface of the hand, joint moments and forces or 
moments exerted on support devices. 

These physical quantities can be used in the control of FES- 
assisted human movements at several hierarchical control 
levels (fig. 1). At the highest level, the sensory signals can 
give information about the movement intention of the user, i.e. 
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identify the movement task the user wants to perform. At the 
intermediate control level, sensory signals give information 
about state transitions in a state model of a specific movement 
task. At the lowest level, sensory signals are used for 
continuous feedback control of the effector system, which are 
the electrically stimulated muscles. 

The objective of this paper is to give an overview of recent 
developments in application of artificial and natural sensors 
for measuring relevant quantities for control of FES and to 
review some examples of proposed use of these sensors in 
feedback control of FES. 

ARTIFICIAL AND NATURAL SENSORS 
Art$cial Sensors 

Relevant artificial sensors for feedback in FES movement 
control systems are: 
1. force sensors for measuring forces and pressure 

distributions under feet and at walking aids. Force 
Sensitive Resistive (FSR) sensors as well as Force 
Sensitive Capacitive devices measure perpendicular 
forces. Unfortunately, sensors for measuring shear forces 
are not available. 
Goniometers can be used for measuring joint angles. 
Flexible goniometers and potentiometric goniometers for 
external fixation are available. However, they are 
vulnerable because they cross joints and need two points 
of attachments. 
Inertial sensors (accelerometers/gyroscopes) have great 
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Figure I .  Hierarchical FES control system. 
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Figure 2. Micromachined triaxial accelerometer developed at 
University of Twente [ l ] .  
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potential in measuring human body movements in 
ambulatory systems like FES. Their human application 
has been investigated in recent years since small and light 
micromachined sensors became available. A triaxial 
accelerometer/gyroscope sensor system can provide 3D 
information about acceleration, angular velocity and 
angle of a body segment, needing only one point of 
attachment. A new triaxial accelerometer for feedback in 
FES systems is presented in figure 2 [ 11. 

angles from the gyroscope signals [7,8,9]. Figure 3 shows 
a reconstruction of knee angle from a 3D inertial sensor 
on thigh and shank, compared to knee angle measurement 
with a VICON optokinetic measurement system. The 
orientation of the sensor with respect to the leg segments 
was identified from a reference measurement of knee 
flexion and extension. 

1.5 

Natural Sensors 
Recently, it has been demonstrated that signals can be 

derived chronically from natural sensors of the human body 
[2,3]. It specifically concerns signals from the skin sensors, 
providing information about the pressure distribution at the 
skin. This sensory information is especially sensitive for 
phasic components of skin pressure. In contrast to available 
artificial pressure and force sensors, both perpendicular and 
shear components of skin pressure are being sensed. 
Recent animal experiments have shown that signals from the 
joint and muscle afferents can be derived with nerve cuff 
electrodes, giving information about joint angles [4]. 
However, this has not been demonstrated in humans yet. 

TRANSWRING SENSOR SIGNALS TO PHYSICAL 
QUANTITIES 

In many of the feedback applications in FES control 
physical quantities need to be derived from the sensory 
signals. This derivation requires processing of the sensory 
signals on the basis of a physical model of the sensors. Such a 
physical sensor model needs to be identified, requiring the 
choice of the model structure and the value of the model 
parameters. The model structure can often be identified using 
physical knowledge. Identification of the model parameters 
often requires calibration experiments. If the sensor 
characteristics change with time, recalibration may be 
required. 

Several examples can be given of sensor model 
identification: 
1. Lotters et al. reported on a method for automatic in-use 

calibration of the offsets and gains of a triaxial 
accelerometer [5 ] .  This procedure requires no explicit 
calibration experiments and model parameters are 
constantly adapted during use. This recalibration 
procedure uses the gravitational acceleration as a 
reference for all quasi-static periods which happen to 
occur during use. Adequate and constant estimation of 
sensor model parameters requires a certain frequency of 
quasi-static periods during use under varying orientations. 
In a complete triaxial inertial sensor system the 
accelerometer and gyroscope outputs can be used for 
mutual calibration, because they are physically 
dependent: the orientation of the sensor system can be 
derived at any moment by processing the angular velocity 
measured by the gyroscope, solving a suitable differential 
equation [6]. During static phases, the accelerometer 
gives information about the direction of gravity, which 
can be used to recalibrate offset angles used for deriving 
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Figure 3. Reconstruction of knee angle from two 30 inertial 
sensor system, one on the thigh and one on the shank. The 
sensor axes were directed arbitrarily. The orientation of the 
sensors with respect to the knee axes was obtainedfrom a 
reference measurement in which the knee was flexed and 
extended several times. For comparison, the knee angle 
reconstructed with the VICON optokinetic measurement 
system is given. 

3. A nonlinear model of the natural skin sensor dynamics 
was obtained experimentally at Aalborg University [2, 
101. This model relates physical quantities (applied skin 
pressure) with sensor output (signals measured with a 
cuff around the sensory nerve). A problem in the 
application of this model is that it can not be inverted, 
which is required when estimating physical quantities 
from measured signals. 

It should be noted that the conversion of sensory signals to 
physical quantities is not required for all approaches in FES 
feedback control. The sensory signals can be used by artificial 
intelligent or learning neurofuzzy controllers which will learn 
the meaning of the sensory signals implicitly [ll, 121. 
However, in order to use explicit knowledge and objectives in 
control of FES, feedback signals need to be expressed in well- 
defined physical quantities. 

APPLICATIONS OF ARTIFICIAL AND NATURAL 
SENSORS IN FES CONTROL SYSTEMS 

Signals of artificial and natural sensors can be used for 
feedback at several hierarchical levels of FES control systems 
(fig. 1). Some examples will be given at each level: 

The highest control level: intention detection: 
1. The intention of the user to perform a certain movement 

task can be identified from actions of the healthy part of 
the body. These actions can be assessed by measuring 
body movements, posture and interface forces with the 
environment [13, 14, 151 
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The intermediate control level: coordination of movement: 
2. Stance and swing phase detection are required for foot- 

drop stimulation in hemiplegic subjects. This detection is 
normally done by a heel switch [16]. However, such a 
heel switch appears to be vulnerable in use. Alternative 
sensor systems have been reported: using the natural 
sensors of the sole of the foot [12, 171 or accelerometers 
[18, 191 
Several finite state control approaches and sensor systems 
for FES supported execution of mobility tasks like gait 
and standing in paraplegics have been reported [13, 141. 

3. 

Low level control: 
Haugland et al. demonstrated the control of hand 
neuroprostheses by feedback from the natural sensors of 
the skin [lo, 201. 
Franken et al. described a cycle-to-cycle control system 
for control of step size during gait, using goniometers for 
measuring hip angle [21]. Information about step size can 
however also be obtained by inertial sensors [22]. 
Signals from natural sensors of the skin of the foot, 
inertial sensors on the body and interface forces with 
support devices (e.g. crutches) may deliver useful sensory 
information for FES-assisted control of body balance [23, 
241. Figure 4 displays the response of the position of 
center of pressure and crutch force on a stimulation burst 
applied to the hamstrings during stance. 

. .  - .  

DISCUSSION 
New developments in the area of human movement 

measurement and control have been made possible by the 
fairly recent development of light and small micro-machined 
sensors [ l ,  251 and the recent demonstration that useful 
signals from natural sensors of the human body can be derived 
[2, 101. 

It is to be expected that human applications of these sensors 
will be further developed in the coming years. Apart from 
feedback in control of FES several other application fields are 
under development: ambulatory monitoring [26], back load 
assessment [7], intelligent prostheses, etc. Particularly 
interesting for FES applications are sensors that are 
potentially implantable, like inertial sensors, and implanted 
electrodes that derive natural sensor signals from nerves. They 
can enable the development of total implant feedback 
controlled FES systems. 
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