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Abstract - The development of interfaces linking the human 
nervous system with artificial devices is an important area of 
research and several groups are now addressing it. Interfaces 
represent the key enabling technology for the development of 
devices usable for the restoration of motor and sensory function 
in subjects affected by neurological disorders, injuries or 
amputations. For example, current hand prostheses use 
electromyographic (EMG) signals to extract volitional commands 
but this limits the possibility of controlling several degrees of 
freedom and of delivering sensory feedback. To achieve these 
goals, implantable neural interfaces are required. Among the 
candidate interfaces with the peripheral nervous system intra-
neural electrodes seem to be an interesting solution due to their 
bandwidth and ability to access volition and deliver sensory 
feecback. However, several drawbacks have to be addressed in 
order to increase their usability. In this paper, experiments to 
address many of these issues are presented as part of the 
development of a new generation of intra-neural electrodes. The 
results showed seem to confirm that these new interfaces seem to 
have interesting properties and that they can represent a 
significant improvement of the state of the art. Extensive 
experiments will be carried out in the future to validate these 
results. 

Index Terms – Neuro-robotics, neural interfaces, PNS, intra-
neural interfaces. 

I. INTRODUCTION

 In the last thirty years, the combination of neuroprosthetic 
devices (e.g., for spinal cord injured persons) with robotic 
mechanical devices in hybrid bionic systems (e.g., hand 
cybernetic prostheses for amputees) has been an area of active 
research by several groups [1-2]. In all these applications, an 
artificial neural interface should be introduced to the subject’s 
peripheral nervous system (PNS) that has sufficient selectivity 
to address the residual afferent and efferent pathways to 
restore function and sensation in an effective and useful way.  
For example, in the case of a cybernetic prosthetic, the 
interface should be able to stimulate different populations of 
afferent nerves to deliver a variety of sensory feedback 
information originating from sensors in the prosthetic.  
Similarly, kinematic and kinetic information for the closed-

loop control of a neuroprostheses could be detected from 
signals originating from natural sensors intercepted by the 
neural interface given sufficient recording selectivity

Starting from these needs, several neural interfaces have 
been developed with different characteristics (Figure 1). For 
example, cuff electrodes have been shown to offer a very 
reliable and robust platform with a relatively low degree of 
invasiveness but suffer from limited selectivity even in the 
case of multi-contact cuff electrodes which have shown some 
interesting results multi-site cuff electrodes [3]. On the other 
end of the invasiveness scale, sieve electrodes could represent 
a very interesting solution with potentially very high 
selectivity though several unresolved problems with their 
chronic stability and the requirement to sectioned nerves limit 
their usability [4]. 
For these reasons, intraneural electrodes, electrodes that 
penetrate the body of the nerve either inserted longitudinally 
(LIFE electrodes [5-6]) or transversally (USEA electrodes, 
[7]) into the PNS has been investigated as a compromise 
between selectivity and invasiveness. 

Figure 1: The characteristics of the different neural interfaces in 
terms of invasivity and selectivity.

Proceedings of the 28th IEEE
EMBS Annual International Conference
New York City, USA, Aug 30-Sept 3, 2006

FrBP11.1

1-4244-0033-3/06/$20.00 ©2006 IEEE. 2940



Very promising results have been achieved during preliminary 
experiments for the bi-directional control of hand prostheses 
[7] with these devices.  However, even though intra-neural 
PNS interfaces seem to be very promising, they currently 
suffer from several drawbacks limiting their usability : (1) the 
biomechanical/mechanical properties of the PNS has not been 
studied in detail in order to gather information useful for the 
design of effective; (2) the implantation procedure is carried 
out “blindly” without any possibility of selecting the final 
position; (3) advanced algorithms are required in order to 
extract useful neural information. In this manuscript, several 
experiments are presented in an attempt to address the above 
issues. The long-term aim of these activities is to develop a 
new generation of intra-neural PNS interfaces. 

II. CHARACTERIZATION OF THE PNS BIOMECHANICAL 
PROPERTIES

 The first step in our work has been the biomechanical 
characterization of the properties of the PNS during the 
insertion of needles in order to infer useful information for the 
design of new interfaces. 
 An Instron R4464 testing machine (Instron Corporation, 
Canton, Massachusetts, USA) was used to carry out to 
identify the mechanical characterization during piercing the 
peripheral nerve. Five porcine sciatic nerve samples, flash 
frozen immediately after extraction and thawed just before 
characterization, were used as test material in this study. A 
steel needle was linked to the Instron crossbar (see Figure 3 
for a schematic of the experimental setup) and driven into the 
nerve samples. The R4464 Instron was connected via GPIB 
(IEEE-488) to a PC that controlled the crossbar position and 
measured the output of the load cell (max force 10 N, 
sensitivity 0-1% F.S.). The data were sampled at 20 Hz in a 
routine written in LabVIEW (National Instruments) For each 
specimen several piercing tasks at different velocities, 
including low velocities, were carried out and characterized. 
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Figure 2: Piercing force in function of the needle tip position (x 
axis) at v=1000 mm/min. Typical shape of the piercing curve. 

From the experimental data it was possible to determine 
indirectly the tissue sinking under the needle tip. For each 
experimental velocity (ranging from 1 to 2000 mm/min) a 
threshold, under which the tissue cannot be pierced, was 
determined. The force magnitude required for piercing was 

found to be in the range 0.3 – 25 mN for the different 
velocities (see Figure 2). 

Moreover, interesting results have been achieved showing 
that differences between piercing carried out at very low 
velocity (multi-piercing) and piercing at low velocity (mono-
piercing) exist and can be correlated with the physical 
mechanical characteristics of the peripheral nerve.  

Experimental data were integrated with a theoretical 
analysis of the neural interface piercing structure. The 
problem of buckling, the main failure mode for non-piercing, 
was analyzed using a non-linear theoretical model that 
enabled the comparison of different needle geometries and 
piercing velocities (see Figure 3) to be made.  

Figure 3: Piercing ability of different kinds of needle. The 
structures having the first buckling pressure line over the piercing 
pressure line (with the bounds) can pierce the tissue in 
experimental velocity range. The others cannot. 

III. ACTUATION OF INTRANEURAL ELECTRODES

 Although LIFEs have been shown to be a potentially 
interesting neural recording platform, a point of weakness 
could be their recording stability.  Although in the best case, 
single unit activity has been tracked through the entire 12 
months chronic study, it represents the exception rather than 
the rule.  In many cases, the signal amplitude is lost within the 
first day of implant, before the electrode can be adequately 
anchored in place by connective tissue.. A working hypothesis 
to this problem has been related to the relative stiffness of 
wire type LIFEs, which could easily be displaced in the early 
stages of implantation following abrupt limb movement. To 
improve this situation, a flexible thin-film based electrode was 
developed tf-LIFEs [8-9] (Figure 4) which consists of 
multiple thin-film sites distributed on a microfabricated 
flexible polyimide film substrate. The flexibility of the 
innovative electrode combined together with a larger number 
of active sites would reduce the effect of small drift of the 
structure in the initial stages of implantation, and enhancing 
their stability.   

Figure 4 Scheme of a tf-LIFE electrode. Total length:60 mm, pad 
area length: 5mm. GND is a ground electrode and (L1-L4, R1-R4) 
represent the recording sites. 
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Another drawback of conventional LIFEs is that chronic 
intrafascicular electrodes cannot be adjusted in the event of 
movement after implantation. 
 This also means that electrodes cannot be repositioned 
near interesting cells and there is no flexibility in targeting 
specific cell types or receptive field positions. So it may be 
desirable to control the electrode’s positions after they are 
implanted to improve the longevity of holding particular cells 
in chronic recordings.
 In order to achieve this goal the tf-LIFEs were integrated 
together with micro-actuators create movable contacts on the 
structure. Shape memory alloys (SMA) were applied as smart 
actuators to move the contact points of the tf-LIFEs modifying 
their shape in a selective way. A “serpentine” like shape was 
memorized by SMA thin films which were attached to the 
polyimide thin films to simulate the tf-LIFE structure. In 
parallel, SMA were also glued directly to the electrode (see 
Figure 5 for the concept and Figure 6 for the first prototype of 
the SMA-actuated tf-LIFE).

Figure 5 - A basic scheme which represents a tf-LIFE and how its 
lost contacts could be replaced by SMA actuation. 

Figure 6. SMA thin film glued to one side of the electrode. Image 
acquired by Hirox microscopy (50x). 

The results of the characterization showed that flexible 
intrafascicular electrodes actuation by SMA could be a new 

promising technique to control the position of the active sites 
of the tf-LIFE inside the nerve, thus improving their 
performance for long-term applications. 

IV. EXTRACTION OF NEURAL INFORMATION USING ADVANCED 
PROCESSING ALGORITHMS

 Much work has been done in the processing of ENG 
signals recorded using cuff electrodes (e.g., [10-11]).  
However, relatively little work has been performed to 
optimize the extraction of neural information from signals 
originating from intra-neural electrodes, in particular with tf-
LIFEs. For example, in ENG signals recorded using 
intraneural electrodes, it is possible extract single unit 
information appearing as spikes in the neural recording, while 
cuff electrodes generally can only resolve the mass activity of 
the nerve (see Figure 7). This characteristic can allow to 
develop algorithms potentially that are able to detect different 
spikes (related different neural stimuli) increasing the 
selectivity of the electrode. 

Figure 7: Typical ENG signals recorded using tf-LIFEs (top) and 
cuff electrodes (bottom) 

In order to start addressing this issue, tf-LIFEs were 
implanted in the sciatic nerve of rabbits. Different kinds of 
stimuli were applied to the paw of the rabbit: (1) squeezing 
the foot with knee at 90o; (2) squeezing the foot with knee 
released; (3) ankle flexion; (4) toe extension; (5) toe extension 
combined with ankle flexion. Each was repeated 4 to 6 times.  

These signals were processed to determine whether the 
different modes of information could be decoded. Signals 
were Kalman filtered, wavelet denoised, and spike sorted. The 
classes of spikes found were then used to infer the stimulus 
applied to the rabbit. Although the signals acquired from a 
single tLIFE gave poor stimulus recognition, the combination 
of the signals from multiple sites led to better results (see 
Figures 8 and 9). The spike sorting algorithm is also helped by 
the use of temporal correlation among the channels. The 
results achieved seem to show the possibility of extracting 
different neural information exploiting the potentials of multi-
site neural interfaces. 
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Figure 8. Scatter plot of fraction of spikes in class 3 vs fraction of 
spikes in class 5 for different stimuli: squeezing foot with knees at 90 
degrees (o) and released (×), ankle flexion (+), toe extension (*), toe 
extension combined with ankle flexion ( ). The different kinds of 
stimuli are hardly separable. 

Figure 9. Scatter plot of fraction of spikes in class 4 vs fraction of 
spikes in class 11 for different stimuli: squeezing foot with knees at 
90 derees (o) and released (×), ankle flexion (+), toe extension (*), 
toe extension combined with ankle flexion ( ). The different kinds of 
stimuli are approximately separable. Two categories are well 
separated touch/pain (o,×) from proprioception sensations (+,*, ).

IV. DISCUSSION AND CONCLUSIONS

 The development of an effective neural interface is 
essential for obtaining an intuitive and natural control of 
hybrid bionic systems. Intra-neural PNS interfaces seem to 
represent a very interesting solution in the short term because 
of their good properties in terms of reduced invasivity and 
good selectivity. However, they have many drawbacks 

limiting their usability. In this manuscript, some experiments 
are presented aiming at addressing these issues.  
 The results of these experiments could allow in the next 
future the development of a new class of intra-neural 
interfaces able to reduce the invasiveness (for example thanks 
to the use of advanced materials and of the information 
gathered using biomechanical models), to extract several 
information (using advanced techniques), to deliver a sensory 
feedback (increasing the number of contacts in the interface), 
and to place the electrodes optimizing the desired signal-to-
noise ratio. 
 Extensive experiments will be carried out in the future to 
verify the potential of this approach. 
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