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Abstract  -  We have designed and built the first 
generation of a portable external system for an FES 
hand grasp neuroprosthesis that is controlled by means 
of signals from natural sensors in the skin recorded with 
an implanted nerve cuff electrode. A design approach 
based on readily available standardised modules was 
used reducing development time and costs. The modular 
system provided all necessary parts such as a 486DX100 
compatible CPU, a data acquisition board, a flash disk 
storage unit, and a power supply on small, stackable 
circuit boards. To complete the system, we designed and 
built a transmitter to supply and control an implanted 
stimulator, and we added a custom-built transceiver to 
supply an implantable nerve signal amplifier with power 
and communicate with it. The flexibility of this system 
allows rapid prototyping of experimental FES systems 
intended for portable use. 
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1. Introduction 

Several FES hand grasp systems were developed in 
the past decade [1-4]. These systems usually control the 
grasp without any grasp-specific feedback information, 
so that the user has to rely on vision and experience to 
perform grasping safely. At the Center for Sensory-
Motor Interaction a new technique of providing such 
systems with feedback information was developed by 
incorporating signals from natural sensors in the skin of 
the index finger recorded with a nerve cuff electrode [5]. 

Our experience with natural sensory feedback was 
obtained with work on an experimental laboratory 
system based on a PC with additional data acquisition 
facilities. To obtain more information for optimising 
such a complex system and to gain knowledge about the 
performance of the system outside the laboratory, a 
portable version was required. A portable system would 
also allow tests and evaluation on a daily basis, while the 
user is performing activities of daily living such as 
eating with a fork or drinking from a cup. 

Portable FES systems are usually based on 
microcontrollers or microprocessors that have a more or 
less fixed design. Implementing changes of the design or 
changes of the control algorithm need a relatively large 
effort. To allow rapid prototyping and adaptability to 

different requirements, we based the first generation of 
our portable system on the PC/104 Embedded-PC 
standard. By using standardised hardware and software 
around the broadly supported PC architecture, 
development time and costs could be significantly 
reduced. Many modules were available off-the-shelf as 
small stackable circuit boards. To adapt the system for 
our special requirements such as controlling an 
implanted muscle stimulator and an implanted nerve 
signal amplifier, additional modules were custom-built 
and added to the system. 

This paper presents a flexible, portable FES hand 
grasp neuroprosthesis incorporating natural sensory 
feedback that will be used to test and evaluate our 
feedback control algorithm outside the laboratory. 

2. Materials and Methods 

Two tetraplegic volunteers were implanted with a 
commercially available eight-channel muscle stimulator 
to restore hand grasp function, which is part of the 
Freehand  system (NeuroControl Corp., Valley View, 
Ohio, USA). They were also instrumented with a tripolar 
nerve cuff electrode around the cutaneous nerve 
innervating the radial aspect of the index finger. One of 
the volunteers had percutaneous lead wires connected to 
the implanted cuff electrode, and the other one will be 
instrumented in the near future with an implantable 
nerve signal amplifier, which is supplied with power 
through an inductive telemetric link [6]. Informed 
consent was obtained from the volunteers, and the 
implantations were approved by the local ethics 
committee. 

The subsystems of the external parts of the hand 
grasp neuroprosthesis were a combination of custom-
built modules and readily available standard modules on 
small, stackable circuit boards (size: 90 x 96 x 16 mm). 
This kept the design as flexible as possible and allowed 
easy implementation of different hardware 
configurations. Fig. 1 shows the external and implanted 
subsystems of the neuroprosthesis in the configuration 
with an implantable nerve signal amplifier. 

The CPU module had an onboard Intel486DX100 
compatible processor and all standard PC interfaces such 
as communication ports (parallel/serial/keyboard) and 
storage unit interfaces (IDE hard drive, floppy disk 
drive). The feedback control algorithm and the nerve 



 

 

signal processing were programmed in a high-level 
language (C/C++). The parallel port was used for 
communication with the telemeter of the muscle 
stimulator, and the serial port was used as 
communication port for servicing purposes. The 
parameters of the feedback control algorithm and the 
look-up tables to generate different hand grasp patterns 
were stored in separate text files for easy maintenance. 

Data acquisition was implemented using a readily 
available eight-channel analogue-digital converter 
module, which had additional analogue output and 
digital input/output facilities. One analogue input 
channel was reserved for the nerve signal. All other 
input/output channels could be used for the user 
interface. 

The nerve signal could be obtained either by means 
of an implantable nerve signal amplifier or percutaneous 
lead wires connected to the implanted cuff electrode. For 
the configuration with the implantable nerve signal 
amplifier an external telemeter unit was used to supply 
the amplifier with power and obtain the amplified and 
band-pass filtered nerve signal via an inductive link [6]. 
The configuration with the percutaneous lead wires 
required an external nerve signal amplifier with a gain of 
100,000 and a band-pass filter (4th order, butterworth 
characteristic, 1 kHz to 4 kHz). In both configurations 
the filter reduced EMG contamination in the recorded 
nerve signal and enhanced the signal to noise ratio. The 
nerve signal was then sampled at 10 kHz, digitally 
rectified, and integrated in blocks of samples from each 
stimulation pulse interval (bin-integration). To remove 
interference from background activity and to enhance 
peaks in the bin-integrated nerve signal additional 
filtering was applied as described in [7]. Mechanical 

events on the skin of the index finger were detected by 
comparing the processed nerve signal to a fixed 
threshold level. 

The user interface consisted of two push buttons 
mounted on the headrest of the wheel chair. The user 
could turn the system on and off and control opening and 
closing of the hand by ramping a stimulator command 
signal up and down. This single command signal was 
directly transformed into stimulation intensities of the 
muscles involved in the grasp by using a look-up table. 
When the user had actively adjusted the hand grasp 
using the control buttons the system took over and 
automatically regulated the grasp force to a level that 
was necessary to securely hold the grasped object. A 
detailed description of the control algorithm can be 
found in [8]. 

The implanted stimulator was part of the 
Freehand  system. The muscles were stimulated at 
20 Hz and pulse width modulation was used to control 
the stimulation intensity. To control the implanted 
stimulator and supply it with power, we built an external 
telemeter unit based on an AT90S8535 microcontroller 
(Atmel Corp., San Jose, California, USA). The 
microcontroller was controlled using the parallel port of 
the CPU module and automatically generated all 
necessary control signals for the implanted stimulator. 
These signals were then transmitted via an inductive link 
to the implant. 

For long term data recording we implemented an 
exchangeable 64 MB flash disk drive on a separate 
module. This was used to record several signals such as 
the processed nerve signal, the stimulator command 
signal, and time and duration of the use of the 
neuroprosthesis. When the capacity of the storage media 
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Fig. 1: Block diagram of the external and implanted subsystems of the neuroprosthesis. 



 

 

was reached, it could be sent by mail to the laboratory 
for later off-line analysis of the stored signals. 

The whole portable system was supplied from the 
batteries of the user's electrical wheelchair. All the 
required voltages for the neuroprosthesis (+ 5 V, ± 12 V) 
were generated with a high efficiency switching-
regulator power supply situated on a standard PC/104 
module. 

3. Results 

A rapid prototyping design approach was used to 
transfer the external parts of an FES hand grasp 
neuroprosthesis incorporating natural sensory feedback 
from an experimental set-up to a portable system that 
can be used outside the laboratory. We assembled the 
hardware of the system, programmed the required 
software, and made the whole system functional. The 
system set-up and parameters for each user and the 
feedback control algorithm were determined with our 
laboratory system, transferred to the portable system, 
and tested in functional tasks of daily living. 

4. Conclusion and Discussion 

The first generation portable system is a very useful 
tool to analyse the performance of our FES hand grasp 
neuroprosthesis incorporating natural sensory feedback 
outside the laboratory. With its open architecture and 
capability to use all kinds of different components such 
as data acquisition modules and user interfaces, the 
system can easily be adapted for different purposes and 
requirements. 

We will analyse the performance of the system 
outside the laboratory by using the signals stored with 
the implemented data-recording unit. The main question 
to be answered with the use of this system is, whether 
the idea of natural sensory feedback for hand grasp 
control is beneficial and acceptable for the user in 
everyday tasks such as eating with a fork or drinking 
from a cup. Although the system presented here is still a 
prototype and the power consumption is relatively high 
for a practical battery-driven system, it will help us to 
answer this question. 
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