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Abstract—Embedded nanodevices will be a key feature of
emerging medical monitoring systems. Power for these devices
could be harvested from ultrasonic vibrations generated by
external miniature sources and converted to electrical energy by
piezoelectric nanowires. Electrical pulses from these nanodevices
can be used for different types of nerve stimulation to block or
provoke specific functions within the human body. The external
device should receive feedback from other body sensors as well as
environmental sensors in order to modulate the delivered pulses
to meet exact neurotherapy requirements.

I. INTRODUCTION

Therapeutic stimulation of the human nervous system is
carried out at present by externally powered electrodes placed
on the skin surface (transcutaneous) or under the skin (sub-
cutaneous) in closer proximity to muscles or nerves. The
electrodes are wired to a power and control unit to deliver
measured amounts of voltage and current for functions such
as deep brain stimulation or powering cardiac pacemakers. A
major limitation of such solutions is the practicality of devices
that can be implanted within patients without impacting on
a normal lifestyle. In previous work [1] we modelled the
use of ultrasounds to power subcutaneous nanowire-based
nanodevices. We then extended that work [2] by modelling
the use of arrays of coupled nanodevices for selective neural
stimulation. We are now looking in greater depth at the stim-
ulation of sensory nerves in order to block seizure-inducing
stimuli or to provoke specific brain responses that may include
the triggering of motor neurons. In particular we are interested
in nerves that are at a shallow depth, are not shielded by bone
and can be readily accessed for device implantation. One such
nerve is the vagus nerve. Our proposed scenario for stimulating
the vagus nerve using an ultrasound-harvesting nanodevice
array is shown in Fig. 1.

II. VAGUS NERVE FUNCTIONS

The vagus nerve is a cranial nerve, extending from the stem
of the brain to the abdomen. It helps to moderate functions
such as heart rate, breathing and rate of digestion. Two main
branches, the left and the right, can be accessed at the neck.
There is already ongoing research into the use of vagus
nerve stimulation (VNS) for the treatment of epileptic seizures,
depression , heart failure [3] and arthritis [4]. At present the
stimulation system relies on the user to help regulate the

 

Fig. 1: Block diagram of end-to-end stimulus path from the
external ultrasound source to the embedded nanodevice array
to the vagus nerve fascicles.

duration and intensity of the stimulus pulses. Detecting longer
term or more subtle effects would require input from sensors
placed in other parts of the body [5]. These sensors would
form part of a bio-nano network [6] that could send early-
warning information on hormone concentrations or immune-
system inflammatory responses to a control point that could
then regulate the stimulation of the vagus nerve in response.

III. NEURAL STIMULATION

The level of current necessary to stimulate a neuron depends
on the excitability of the neuron, the electrode-neuron distance
and the stimulus pulse duration. Larger diameter axons (motor
and sensory) are more excitable and have an insulating sheath
of myelin ( classed as Aα and Aβ axons). Smaller diameter
myelinated axons are classed as Aδ and B. Unmyelinated
sensory axons, classed as C, are the most difficult to stimulate.
The lowest possible stimulus current of an axon is called
the rheobase but a more usual parameter is the chronaxie,
the minimum time required for a stimulus current that’s
twice the value of the rheobase to stimulate a neuron. Axon
characteristics, including their chronaxie value for different
types of neurons [7] are summarised in Table I.

The stimulus pulse duration, t, and the corresponding
threshold pulse current intensity for neural activation, Ith,
can be plotted using the Lapicque equation [8], which is
represented as:

Ith = Ir(1 +
C

t
). (1)



TABLE I: Axon Characteristics

Axon Type Myelin Diameter Speed Chronaxie
(µm) (m/s) (µs)

Aα Yes 13-20 80-120 50-100
Aβ Yes 6-12 35-75 120
Aδ Yes 1-5 10-35 170
B Yes 3 3-15 200
C No 0.2-1.5 0.5-2.0 400

The rheobase current is Ir and the chronaxie is C. As the
distance, d, between the electrode and the neuron increases,
the activation current intensity, I(d), also increases as per the
current-distance equation [8]:

I(d) = Ith + kd2. (2)

The current-distance constant, k, is specific for different types
of axon and in our modelling we use a value of 27 µA/mm2.
Stimulus current levels calculated for four different types of
axon at a stimulus pulse length of 100 µs are shown in Fig.
2. Our modelled nanodevices have a maximum voltage level
of tens of mV and produce current in the µA range and must
be coupled together in series to increase the current and in
parallel to increase the voltage.

The ultrasound stimulating module ideally would be able
to accept input from a variety of sources such as embedded
nanosensors in the body. This would be a development of the
existing closed-loop neurostimulation described by Sun and
Morrell [9]. It should also be able to take input from the envi-
ronment that could trigger neural seizures (e.g. temperature or
flashing lights). This type of knowledge or context awareness
can be used to evaluate a person’s current state of health and
also to assess likely issues or threats. Measured stimulus pulses
can then be delivered in response using artificial reasoning to
tailor the response to the perceived and forecasted state of
health.

IV. NEURAL DATA LINK

Projecting further ahead we will model the use of the vagus
nerve as a communications link to deliver stimulated data
pulses. Coded instructions from an external controller would
generate a pattern of data pulses based on Compound Action
Potentials (CAP) along the vagus nerve to be interpreted and
acted upon by an embedded neural activator in the brain. Our
simulated CAP for 8000 Aβ axons at a measured distance
of 100 mm from the stimulus point is shown in Fig. 3. This
system could be used to overcome difficulties arising from a
damaged or impaired vagus nerve.
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Fig. 2: Plot of stimulus current against neuron depth for four
levels of chronaxie at a pulse length of 100µs.
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Fig. 3: Plot of Compound Action Potential for 8000 Aβ
neurons of diameter 12 µm and velocity of 72 m/s measured
at 100 mm from stimulus point. .
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