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Development of a BIONic Muscle Spindle for
Prosthetic Proprioception

Nicholas A. Sachs, Student Member, IEEE, and Gerald E. Loeb*, Member, IEEE

Abstract—The replacement of proprioceptive function, whether
for conscious sensation or feedback control, is likely to be an im-
portant aspect of neural prosthetic restoration of limb movements.
Thus far, however, it has been hampered by the absence of unob-
trusive sensors. We propose a method whereby fully implanted,
telemetrically operated BIONs™ monitor muscle movement,
and thereby detect changes in joint angle(s) and/or limb posture
without requiring the use of secondary components attached to
limb segments or external reference frames. The sensor system
is designed to detect variations in the electrical coupling between
devices implanted in neighboring muscles that result from changes
in their relative position as the muscles contract and stretch with
joint motion. The goal of this study was to develop and empirically
validate mathematical models of the sensing scheme and to use
computer simulations to provide an early proof of concept and
inform design of the overall sensor system. Results from exper-
iments using paired dipoles in a saline bath and finite element
simulations have given insight into the current distribution and
potential gradients exhibited within bounded anisotropic envi-
ronments similar to a human limb segment and demonstrated an
anticipated signal to noise ratio of at least 8:1 for submillimeter
resolution of relative implant movement over a range of implant
displacements up to 15 cm.

Index Terms—Kinesthesia, muscle spindle, neural prosthesis,
proprioception.

I. INTRODUCTION

KINESTHESIA—the ability to perceive the position and
movement of one’s own body—is an often-overlooked

sensory function supported by a class of receptors called propri-
oceptors. Unlike the five classical senses (hearing, smell, taste,
touch, and vision) the information provided by proprioceptors
relates to the state of self rather than that of an exogenous stim-
ulus. That information, however, is extremely important to one’s
ability to characterize and interact with the external environ-
ment, to maintain posture and to plan and coordinate muscu-
loskeletal movement. Evidence for this can be seen in [1], which
relates the story of a patient who has lost her sense of pro-
prioception, as well as other case studies of individuals who
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have experienced deafferentation due to large-fiber sensory neu-
ropathies [2]–[5].

A. Proprioception

The notion of proprioception has been recognized, although
not necessarily understood, for over two centuries. The first
description of a “muscle sense” was proffered in 1802 by
J. T. Engel, who was unsure as to whether this was an “afferent”
or “efferent” phenomenon [6]. Debates over such concepts
as “sense of effort” and “feelings of innervation” dominated
the field through the mid 1900s until refined investigational
techniques finally allowed the measurement and stimulation of
afferent responses in the latter half of the 20th century.

Today it is generally recognized that the sense of posture and
movement originates from receptors in three different locations:
the muscles, joints, and skin [6]–[9]. Muscle receptors include
both muscle spindles and golgi tendon organs. Muscle spindles
are stretch receptors that are embedded within the muscle and lie
parallel to its fibers. They include multiple components whose
afferents fire as a function of muscle length and/or velocity.
Golgi tendon organs are strain receptors in series with muscle
fibers at the musculotendinous junction. Their afferents fire as a
function of individual receptor strain, with the total overall ac-
tivity from a group of tendon organs being indicative of muscle
contractile force. Joint receptors are embedded in all intra-artic-
ular structures, including ligaments, capsule, disks, and menisci.
They consist of both slowly and rapidly adapting endings that
are nonevenly distributed within each joint and whose afferents
fire in response to strains that arise as a result of both motion and
loading of the joint. Cutaneous receptors are embedded in the
skin and can be divided into four primary classes, two of which
are slowly adapting and two of which are rapidly adapting. Be-
cause skin tends to be stretched during joint motion, changes
in the activity of at least some cutaneous afferents contribute to
the sense of joint position and motion, particularly for the fin-
gers. For more thorough review of the behaviors and roles of all
types of proprioceptors, see [6]. Of these receptors, the muscle
spindle tends to dominate the perception of posture and move-
ment, particularly for trunk and proximal limb joints [10].

B. The Role of Muscle Spindles

Muscle spindles are stretch receptors embedded within
each muscle and parallel to its muscle fibers. They include
components that respond to both static muscle length and
dynamic muscle movement [11]. Of particular relevance to the
method proposed here is the fact that spindle receptors located
physically in proximal body segments can provide information
about the position and motion of distal joints by way of tendons
spanning those joints. By monitoring the activity of hundreds
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of spindle afferents from groups of muscles that span various
joints, the central nervous system is able to extract information
regarding joint angles and limb segment positions in space,
although the neural algorithm and coordinate frame for this
complex signal processing task remains unclear [12]. This
provides not only conscious sensation of body posture but
also unconscious feedback used for reflex regulation of motor
activity and coordination of muscle contractions [13], [14].
The transduction zones of the spindle afferents are mounted
on different subsets of specialized intrafusal muscle fibers
under independent efferent control from the spinal cord. This
gain control mechanism allows the central nervous system
to adjust continuously the relative and absolute sensitivity of
the receptors to spindle (hence, muscle) length and velocity
[13]. Neurophysiological recordings from various preparations
suggest that the system is used to optimize sensor performance
for the expected dynamic range of a given voluntary movement
[9], [11].

C. The Need for Replacement of Proprioceptive Function

It has long been known that electrical stimulation can restore
movement in paralyzed muscles. Adopting such techniques for
functional electrical stimulation (FES) to perform useful tasks,
however, has remained a difficult problem. In order to generate
useful movement, appropriate command and feedback signals
must be obtained and incorporated into control schemes [15].
The body makes use of both visual and proprioceptive infor-
mation for accomplishing many tasks. While visual feedback
can be useful in monitoring and maintaining posture, when used
in isolation its long latency causes instability and oscillations
within the system [6], [16]. Therefore, it is likely to be useful
and important to equip reanimated limbs with sensors capable
of providing postural information akin to that of natural pro-
prioception. To be sure, most of these patients still have a full
complement of functional spindles in their paralyzed muscles.
It is possible to record their afferent signals in the dorsal root
ganglia and peripheral nerves using microelectrode arrays and
microneurography [17]–[19], but the procedures involved are
highly invasive and suitable longevity of these neural interfaces
has yet to be demonstrated. Therefore, we have focused on arti-
ficial sensing modalities suitable for incorporation with the elec-
trical stimulation technology that must already be deployed in
the paralyzed muscles.

D. Existing Technologies for Measuring Body Position

Several methods of measuring limb and body position have
been developed over the years. Some of these have incorpo-
rated wearable technologies, while others have been part of
implantable systems. Such technologies include traditional
goniometers that externally measure joint angles, implantable
joint angle transducers (IJATs) that measure joint rotation
using the interaction of magnets and Hall effect sensors [20],
biomechatronic position transducers (BPTs) that measure
tendon sliding movements using implanted magnets and
magnetic sensors [21], implantable microelectromechanical
systems (MEMS) based accelerometers capable of measuring
static limb posture by sensing the dc acceleration of gravity [22]
and implantable magnetic field sensing coils that measure limb

Fig. 1. Diagram of a BION implant.

segment position relative to external radio frequency magnetic
field generating primary coils [23]. All of these technologies
have demonstrated potential for monitoring the position of limb
segments, but all have attributes that complicate and tend to
limit their implementation and use. Only the IJAT has been used
clinically for control of FES [24]. It requires surgery to install
and may be technically difficult to extend beyond the initial
application to the wrist joint. Candidates for FES present with
a wide range of disabilities and requirements; neural prosthetic
solutions will have to be assembled from an armamentarium of
components. None of these sensors will be perfectly accurate
or reliable, so it will be valuable to combine information from
partially redundant sensors much as the nervous system does
normally. The BIONic spindles described here would provide
a set of sensors that can be deployed widely with minimal
invasiveness.

E. A Biomimetic Approach to Replacing Muscle Spindle
Function (“BIONic Muscle Spindles”)

We are developing a biomimetic method for restoring propri-
oceptive function that can be incorporated into injectable mi-
crostimulators called bionic neurons (BIONs) (see Fig. 1) [25],
[26]. This method emulates the function of the muscle spindle
by detecting changes in muscle length related to the change in
the posture of the joint(s) that the muscle spans. These mea-
surements require only the BION implants already needed to
stimulate the muscles rather than requiring secondary compo-
nents attached to limb segments or external reference frames.
The data can be used for direct feedback to an FES controller,
or to extract joint angles and limb positions in a canonical coor-
dinate frame. The overall concept is outlined in Fig. 2.

BIONs are injected into paralyzed muscles through a can-
nula, allowing the implanting surgeon fine control over the po-
sitioning of devices in a minimally invasive procedure. Within
the muscle, they become encapsulated by a thin layer of con-
nective tissue that prevents migration [27]. Their resting posi-
tion can be imaged using X-ray, computed tomography (CT),
ultrasound, and magnetic resonance imaging (MRI). Once im-
planted, they receive both power and command signals by in-
ductive coupling of a 480 kHz power carrier generated in an
externally worn transmission coil, allowing them to emit pre-
cisely timed stimulation pulses with a highly regulated ampli-
tude and pulse-width. When a pulse is emitted, ionic current
spreads through the surrounding tissue, which acts as a volume
conductor. This current spread creates potential gradients that
are dependant on the magnitude of the current pulse and the con-
ductivity characteristics of the tissue, a phenomenon familiar
to electrophysiologists as a “stimulus artifact.” A second BION
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Fig. 2. The BIONic muscle spindle concept. (A) Externally generated com-
mand signals instruct a single BION to emit a “ping” that is detected by any
surrounding BIONs. The sensed signal, whose magnitude depends on the rel-
ative positions of the stimulating and sensing BIONs, is transmitted to an ex-
ternal controller where it is decoded to determine related limb segment positions
and/or joint angles. (B) When muscles stretch and shorten with movement at
the joints they cross, the relative location and orientation of implanted BIONs
changes. (C) Another “ping” is initiated, sensed, and decoded to determine the
new limb segment positions and/or joint angles.

that is in the vicinity of the current pulse experiences a poten-
tial difference between its electrodes that depends on its posi-
tion and orientation within the generated field. This potential
difference can be sensed and transmitted via back-telemetry to
an external controller. Because both implants are powered and
controlled by the same power carrier, the sampling times of the
second BION can be coordinated precisely with the pulse gen-
eration time of the first.

Because they are encapsulated in the endomysial connective
tissue, BIONs move with the muscles in which they are im-
planted as the muscles stretch and shorten during movement
of the joints they span. This causes changes in the relative po-
sition and orientation of adjacent implants, which in turn will
cause changes in the sensed potential across the electrodes of
one BION due to currents emitted by another. Such changes
should be complexly but consistently related to joint angle(s).
Each BION can act as an emitter while the others act as sensors,
providing a rich set of pair-wise measurements from a small
population of implants that can be used to resolve postures with
multiple degrees of freedom.

Implementing this type of sensor system requires considera-
tion of certain physiological constraints. Current pulses are gen-

erally used to stimulate muscles and nerves. The greater the cur-
rent amplitude, the longer the distance over which potential gra-
dients can be quantified precisely for posture sensing, but the
more likely these current pulses will produce spurious excita-
tion. Stimulation thresholds are governed by a strength-duration
curve, which is defined by chronaxie and rheobase values and
can be approximated by the following equation [28]:

(1)

where

threshold current;

rheobase;

chronaxie;

pulse duration.

In order to avoid stimulation, the pulse amplitude must re-
main below the threshold value for the pulse duration used. This
is least restrictive for pulses that are much shorter in duration
than the chronaxie, which is about 100 for myelinated axons
such as those of motoneurons [29], [30].

Because these sensors will be implanted directly into muscle
and are sensing all local field potentials, they will also sample
electromyographic (EMG) activity in nearby muscles. This
could be the direct result of electrical stimulation (so-called
M-waves) or due to residual voluntary muscle activity. Such
EMG looks like a broadband noise signal with frequency range
of 0.1–3 kHz and a magnitude as high as several millivolts
within a strongly activated muscle. The induced potential gra-
dient to be measured must be extracted from this background
noise in order to make it useful.

The magnitude and orientation of generated potential gra-
dients depend not only on the amplitude of the emitted cur-
rent pulse, but also on the conductivity characteristics of the
medium through which the current propagates. Muscle fibers are
anisotropic, with a conductivity ratio of 5.33 ( ,

; where is the conductivity in the direc-
tion of the muscle fibers and is the conductivity transverse to
the muscle fibers) [31]. Limb segments also have a substantial
boney core, which is a relatively low conductivity material, and
boundary layers at the skin that define an elongated volume-con-
ductive space. These factors will have substantial effects on the
direction of current flow and the magnitude and orientation of
resulting potential gradients.

F. Role of the Current Study

This study investigated the feasibility of the BIONic muscle
spindle approach using simplified empirical and theoretical sim-
ulations. These simulations included the use of paired stimu-
lating and sensing dipoles submerged in a saline bath, as well
as finite element models of current distribution in both isotropic
and anisotropic bounded environments. The goal of these sim-
ulations was not to provide detailed approximations of the final
(and very complex) system, but rather to extract information re-
garding general effects that could be used to provide an early
proof of concept and inform design of the overall sensor system.
Examples of issues that were investigated include the projected
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Fig. 3. Reference frames used to define the positions and orientations of the
stimulating and sensing electrode pairs within the saline bath. The position of
the stimulating dipole is referenced from the corner of the bath to the center
of the dipole and its orientation is referenced as rotation about the z axis,
viewed as clockwise from above. The position of the sensing electrode pair is
described as a displacement from the center of the stimulating dipole to the
center of the sensing dipole and its orientation is also referenced as rotation
about the z axis, viewed as clockwise from above. For the configuration
shown here, (x ; y ; z ;� ) = (18 cm; 1 cm; 2:5 cm; 0 ) and
(Dx ;Dy ;Dz ;� ) =(7 cm; 5 cm; 0 cm; 0 ).

range over which the approach can be used, the relative ef-
fects of device displacement and changes in rotation on sensed
signals, and the effects of tissue conductivity properties such
as anisotropy and nonconductive boundaries on overall current
distribution.

II. METHODS

To test the feasibility of the BIONic muscle spindle, a series
of experiments was conducted using a saline bath approximately
the size of an adult forearm. Saline was chosen as a medium
to approximate the conductivity of generic body tissue and the
container itself was constructed from nonconductive material,
chosen to simulate the substantially nonconductive boundary
imposed by the skin. Two pairs of electrodes were inserted into
the bath. One was used to deliver current pulses while the other
was used to sense resulting potential gradients. The results of
these experiments were used to validate a finite element model
of current distribution through an isotropic medium with the
same conductivity and dimensions. This model was then ex-
tended to incorporate an anisotropic medium with the same con-
ductivity as mammalian striated muscle.

A. Feasibility Testing Using a Saline Bath

A rectangular bath constructed of
nonconductive plastic was filled with room temperature isotonic
saline (sodium chloride, 0.9% weight/volume). The bath was
bounded by the plastic walls of the container on the bottom and
sides and was open to air on the top. A stereotactic frame was
assembled which allowed the precise positioning of two pairs
of needle electrodes in space, as well as controlled rotation of
each pair about the axis (for more detail on reference frames
see Fig. 3). Each electrode pair was attached to the stereotactic
frame such that its two contacts were fixed at the same level

on the axis with an inter-electrode spacing of 2.0 cm. This
electrode spacing was chosen to approximate the electrode sep-
aration of a BION implant. The frame was used to lower the
electrode pairs into the saline bath and hold them in precise po-
sitions as data were recorded. Their interaction was, thus, used
to simulate the interaction of two BIONs implanted in a human
limb.

During the experiment, one electrode pair was placed in the
saline bath at a fixed position and connected to the output of
an isolated pulse stimulator (Model 2100, A-M Systems, Inc.,
Carlsborg, WA). This stimulating electrode pair was used to de-
liver biphasic current pulses (10-mA square wave, 20 per
phase), generating potential gradients throughout the bath. The
second electrode pair was used for sensing and was connected
to a floating differential amplifier ( ,

), the output of which was monitored on an oscilloscope
(TDS 1002, Tektronix, Inc., Beaverton, WA). The position and
orientation of the sensing electrode pair was varied systemat-
ically and the peak potential difference between sensing elec-
trodes was recorded at each location. Reported values were re-
ferred to amplifier input and normalized to “mV per mA source
current.” At the end of each recording session, the position of the
stimulating electrode pair was changed and the same recording
procedure was repeated. Additional recordings were taken with
the position of both the stimulating and sensing electrodes fixed
for varied stimulation amplitudes in order to monitor the rela-
tionship of the sensed signal to stimulation current.

To facilitate the reporting of results, independent reference
frames were adopted for each electrode pair, as demonstrated in
Fig. 3. The position of the stimulating electrode pair was refer-
enced from the corner of the bath to the center of the stimulating
dipole, while the position of the sensing electrode pair was ref-
erenced as a displacement from the center of the stimulating
dipole to the center of the sensing dipole. Orientation for both
dipoles was measured as rotation about the axis, with
oriented along the positive axis. The position and orientation
are designated as ( , , , ) for the stimulating
dipole and ( , , , ) for the sensing
dipole.

B. Finite Element Modeling of Isotropic Media

A 3-D finite element model of the saline bath was cre-
ated using FEMLAB (Comsol, USA), and a simulation
was performed using equations defined for “dc conductive
media.” (This was deemed appropriate despite the short du-
ration of the current pulses used because the saline acted as
a resistive medium and the electrodes had a negligible ef-
fect on the circuits.) The geometry of the model was set to
equal that of the saline bath used in the previous experiment

and the isotropic conductivity of the
medium was set to equal that of room temperature isotonic
saline (1.45 S/m) [32]. All boundary conditions were set to
“electric insulation” in order to model the nonconductive
boundaries imposed by the plastic container on the bottom and
sides of the bath and by air on the top. The stimulating electrode
pair was modeled as two point current sources, separated by
2.0 cm. The current generated by the first point source was
set to 1 mA and the second was set to 1 mA. As a result,
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calculated potential values could be interpreted as “mV per mA
source current” for direct comparison with the empirical results
derived from the saline bath experiment. Prior to solving, the
mesh was refined, producing a total of 144 693 elements.

The model calculated potentials generated by the source cur-
rents throughout the conductive medium by solving the equation

(2)

where

thickness;

electrical conductivity;

electrical potential;

external current density;

source current

at each node and setting the current density normal to all
geometric boundaries to zero. The potential recorded by a
sensing dipole at position (x, y, z), with its axis in the x-direc-
tion was computed by subtracting the potential at
( ) from the potential at ( ). Potential
values were exported into a text file and these calculations
were performed in MATLAB (The Mathworks, Natick, MA)
to produce the model predictions that were compared to the
corresponding measurements.

C. Finite Element Modeling of Anisotropic Media

After the isotropic saline model was validated against the
results of the saline bath experiment, a similar model incorpo-
rating anisotropy within the conductive medium was created.
Our objective was to understand the general effects of pure
anisotropy rather than to create an anatomically realistic model
of a specific limb segment. The model geometry, boundary con-
ditions, and point current sources were defined to match those
of the isotropic model, but the conductivity properties of the
medium were changed to match those reported for mammalian
striated muscle: , ; where

is the conductivity in the direction of the muscle fibers
( axis) and is the conductivity transverse to the muscle
fibers ( and axes) [31]. Most human forearm muscles and
their fibers are oriented substantially parallel to the long axis
of the forearm but with varying tilts due to pinnation, which
was ignored (but see Discussion). The model also ignored the
effects of inhomogeneities such as fat, fascia, and bone. The
procedure for calculating fields was the same as the isotropic
model.

This use of muscle conductivity parameters represents a de-
parture from the saline model in two respects: 1) a decrease in
the overall conductivity; 2) the addition of anisotropy. In order
to isolate the effects of each, an intermediate isotropic simula-
tion was performed with the conductivity of the medium set to
the average conductivity of muscle (0.109 S/m).

III. RESULTS

A. Feasibility Testing Using a Saline Bath

Fig. 4(A) shows absolute potential differences recorded with
the position and orientation of the stimulating electrode pair
fixed at (18 cm, 1 cm, 2.5 cm, 0 ). The sensing electrode pair
was held such that and , while

and were systematically varied. The signal
magnitude was greatest in the vicinity of the stimulating elec-
trodes and generally decreased as displacement between the
stimulating and sensing electrode pairs increased. A minimum
was observed radiating out at an angle from the stimulating
electrode pair, indicative of a null orientation that could pro-
duce a zero reading. The range of detected signal magnitudes
covered several decades (note log scale for recorded potentials)
and the change was nonlinear with respect to displacement in
either axis.

As was varied, the magnitude of the potential differ-
ence between its two electrodes changed. Fig. 5 shows two sets
of potential differences recorded while the positions of the stim-
ulating and sensing dipole centers were fixed and the sensing
electrode pair was rotated about the axis. Each set of record-
ings is compared to a theoretical curve based on variation ac-
cording to the cosine of the angle between the sensing electrode
orientation and a maximal gradient.

The position of the stimulating dipole with respect to the
bath boundaries had a substantial effect on the signals sensed
for a particular displacement. Fig. 6 shows potential differences
recorded when only and were varied. The magni-
tude of the sensed signals was greatest when the stimulating and
sensing dipoles were near the bath wall and decreased as they
approached the middle of the bath.

When the amplitude of the source current was varied, the
magnitude of recorded signals changed proportionately with it.

B. Finite Element Modeling of Isotropic Media

Fig. 4(B) shows absolute potential differences calculated with
the finite element model of the isotropic conductive medium de-
signed to approximate the saline bath. Data are presented for the
same dipole conditions as those used for the saline bath exper-
iment reported in Fig. 4(A) ( , ,

, , ,
, , and ). The predictions of

the finite element model are nearly identical to those recorded
during the saline bath experiment. Fig. 7(A) shows the magni-
tude and orientation of the local potential gradients calculated
throughout the simulated saline bath.

C. Finite Element Modeling of Anisotropic Media

Fig. 4(C) shows absolute potential differences calculated
with the finite element model of the anisotropic conductive
medium designed to approximate mammalian skeletal muscle.
Fig. 4(D) shows the results from an isotropic model with
the same average conductivity as skeletal muscle. Data are
presented for the same dipole conditions mentioned above.
Comparison between Fig. 4(B) and (D) demonstrates the
isolated effect of changing conductivity, while comparison
between Fig. 4(D) and (C) demonstrates the isolated effect of
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Fig. 4. Comparison of signal maps (A) measured within the saline bath, (B) calculated based on a FEMLAB simulation of isotropic medium with the same
conductivity as isotonic saline, (C) calculated based on a FEMLAB simulation of anisotropic medium with the same conductivity as mammalian skeletal muscle,
and (D) calculated based on a FEMLAB simulation of isotropic medium with the same average conductivity as mammalian skeletal muscle. All results are based
on a 36 cm � 9 cm� 5 cm bath and depict the absolute magnitude of potential differences sensed by a 2.0-cm dipole as a function of displacement along the x
and y axes from a 2.0-cm stimulating dipole positioned at (18 cm, 1 cm, 2.5 cm, 0 ) within the bath. The z-displacement of the sensing dipole was 0 cm and its
orientation was 0 . Values are plotted on a log scale.

adding anisotropy. Fig. 8 also illustrates these differences by
directly comparing results from all three simulations at specific
points. Fig. 7(B) shows the magnitude and orientation of the
maximum local potential gradients calculated throughout the
simulation of anisotropic medium.

IV. DISCUSSION

A. Role of Simulations

The use of dipoles in a saline bath and finite element models
to simulate the BIONic muscle spindle represent very simpli-
fied approximations of an anatomically and electrically com-
plex system. The purpose of such simulations was to provide
an early proof of concept from which general effects of system
implementation could be extracted, such as the distribution of
current emitted in a bounded 3-D environment approximating

the dimensions of a human limb segment and the effects of
anisotropy on current distribution and the resulting potential
gradients. These have informed the design of the overall system
by demonstrating the approximate sensitivity and range of mea-
surements that can be expected for the coupling of implants,
as well as the effect of local boundaries on both emitted and
sensed signals. Such details will play a role in the development
of amplifier and sampling circuitry, as well as BION implanta-
tion strategies. The remainder of the discussion will focus on
insights drawn from the results of these simulations, as well as
overall system implementation taking these and other known
factors into account.

B. Signal Characterization

The signal maps for the empirical measurements taken from
the saline bath and the calculations performed by the FEMLAB
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Fig. 5. Plot depicting the effect of rotation on the potential difference seen
between the two electrodes of a sensing dipole with fixed displacement from
a stimulating dipole. The stimulating dipole was positioned at (18 cm, 1 cm,
2.5 cm, 0 ), and the (x, y, z)-displacements to the center of the sensing dipole
were (0 cm, 4 cm, 0 cm) for (�) and (4 cm, 4 cm, 0 cm) for (x). Theoretical curves
based on variation according to the cosine of the angle between the sensing
dipole orientation and a maximal gradient are also depicted.

Fig. 6. Plot depicting the effects of stimulating dipole position with respect
to the nonconductive boundaries of the bath on the potential difference seen at
the sensing dipole. The x-position, z-position, and orientation of the stimulating
dipole were fixed at 18 cm, 2.5 cm, and 0 , and the y-displacement, z-displace-
ment, and orientation of the sensing dipole were fixed at 0 cm, 0 cm, and 0 ,
respectively.

model were virtually identical [see Fig. 4(A) and (B)], vali-
dating the model and justifying its extension to more biologi-
cally relevant media. Changing the conductivity of the medium
caused an inversely proportionate change in the magnitude
of the sensed signal over the entire range of detection [see
Fig. 4(B) and (D)], while the addition of anisotropy caused a
depression of peak signal values accompanied by increase in
propagation of the signal along the axis of greater conductivity
[see Fig. 4(C) and (D)]. This is due largely to the fact that
magnitudes of the local potential gradients are more conserved
throughout the anisotropic medium than the isotropic model
(see Fig. 7). Changes in signal strength related to changes in
sensing dipole position, particularly near the edges of the bath,

Fig. 7. Simulated local potential gradients generated in (A) isotropic medium
and (B) anisotropic medium with the same conductivity ratio as skeletal
muscle (� =� = 5:33). The stimulating dipole was positioned at (18 cm,
1 cm, 2.5 cm, 0 ) and potential values were calculated within a 2-D slice
located at Dz = 0 cm. All vectors are normalized based on the formula
2 whereV is the magnitude of the local potential gradient
and V is the maximum calculated potential gradient for the slice.

are largely dependant on the orientation of the sensing dipole
with respect to the potential gradients in the anisotropic model.
Conversely, for the isotropic model the signal strength tended to
be more dependent upon the magnitudes of the local potential
gradients, which tend to fall off steeply with distance in the
isotropic model. Relating these results to their implications on
the sensor system, it is important to consider that the purpose
of the sensor is to detect small changes in relative position.
Therefore, its sensitivity depends on the slope of the signal in
the direction of relative BION movement as well as the absolute
magnitude. The effect of anisotropy would be a decrease in
sensitivity near the stimulating dipole center and an increase
at the periphery, resulting in increased linearity of the sensed
signal with displacement along the axis (see Fig. 8).

While the anisotropic finite element model focuses on
skeletal muscle and does not take into account effects of other
tissues such as bone, vasculature, fat, and connective tissue that
may affect current distribution, it should provide a reasonable
first-order approximation of signal propagation in a human
limb. Thus, the anisotropic signal map gives an approximation
of the signal range and sensitivity to device position that can be
expected from the system. Excluding peaks in the immediate
vicinity of the stimulating dipole and the null area radiating
out from the stimulating dipole and running through the center
of the long axis of the volume (where the bone would gen-
erally lie), the absolute signal ranged from approximately
100 to 10 mV/mA over the entire simulation (see
Fig. 4(C)). Along the line the signal was
strong but highly nonlinear. At the position ,

the signal was near its strongest, with an
amplitude of approximately 7 mV/mA and a nonlinear sensi-
tivity to sliding movement along the axis of approximately
300 . By contrast, the signal along the line
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Fig. 8. Comparison of signal maps for simulation of saline (� = 0:145 S=m),
isotropic medium with the average conductivity of muscle (� = 0:109 S=m),
and muscle (� = 0:333 S=m, � = 0:0625 S=m) at (A) Dy = 0 cm,
(B)Dx = 0 cm, and (C)Dy = 7 cm with stimulating dipole located
at (18 cm, 1 cm, 2.5 cm, 0 ).

Fig. 9. Demonstration of sampling technique used to cancel background EMG
and extract sensor signal. Three samples are taken: one prior to the emitted pulse
(V ), one during the emitted pulse (V ), and one after the emitted
pulse (V ). The potential change due to the emitted pulse (V ) is ap-
proximated according to (3).

was much weaker and nearly linear for the
range to . At the position

, the signal was near its
weakest, with an amplitude of approximately 200 and
a nearly linear sensitivity to sliding movement along the axis
of approximately 5 .

The range over which signals can be sensed depends on the
magnitude of generated potentials, which are proportional to
the amplitude of the current pulses delivered. If a stimulation
pulse is delivered, the stimulus artifact can be used as an emitted
signal for the BIONic muscle spindle. It will often be desirable,
however, to detect limb position without stimulating muscle.
Because the magnitude of pulses that can be delivered without
causing stimulation is governed by (1), maximizing the signal
amplitude requires the use of very short pulses. Motor axons
tend to have a chronaxie that is on the order of 100 [29],
[30]. Use of a pulse width on the order of 10 increases the
permissible applied sub threshold current by almost an order
of magnitude, improving signal-to-noise ratio (SNR) without
stimulating contractions. The threshold for stimulation with im-
planted BIONs depends on the position of the implant relative to
stimulated structures, but is generally . The use
of 10 pulses would, therefore, allow for subthreshold pulses
with a magnitude up to at least 10 mA.

The use of short pulses also helps in the cancellation of
background EMG because the emitting and sensing BIONs can
be precisely synchronized in their functions. Three samples
can be obtained: one immediately prior to the emitted pulse

, one during the pulse , and one immediately
following the pulse (see Fig. 9). The magnitude of
the actual signal can then be approximated by the
following equation:

(3)

Assuming that the bulk of energy for background EMG is
centered at or below 1 kHz and the samples are taken with 10
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intervals (sampling rate of 100 kHz), this technique will at-
tenuate the noise contributed by EMG by at least 99.8%.

The noise floor of a capacitively charged BION electrode,
which would act as the sensing electrode in the implemented
system, has been measured at root mean square (over
the bandwidth 0–10 kHz). If the ambient operating tempera-
ture is assumed to be , this would result in additional
signal variation of 2%. Combining these factors with the noise
level produced by background EMG gives a total noise estima-
tion of approximately 5–6 . Assuming a 10-mA pulse can be
emitted without stimulating muscle contraction, the estimated
sensitivity from the anisotropic model of 5 gives
a SNR for the system of approximately 8:1 at the low end of
signal detection for millimeter resolution of sliding movement.

Assuming that millimeter resolution is adequate for detecting
relative displacement of implants, the anisotropic model pre-
dicts a useful range of at least 7 cm along the axis and 15 cm
along the axis, measured between the center of BION im-
plants, with the exception of the null region mentioned above
and a region approximately bounded by ,

, and where
the slope of the signal map is particularly shallow [see Figs. 4(C)
and 8(C)]. These predictions are for sliding movement along the

axis with the stimulating BION spaced 1 cm from the lateral
boundary, analogous to a fairly superficial placement in the limb
musculature. We have not explicitly modeled the effects of the
central bone, but it seems likely that it would act similarly as
a high resistivity boundary, extending the range of stimulus ar-
tifacts produced by very deeply located BION implants. Thus,
the signals emitted by these implants should be able to be sensed
with adequate resolution by all other BIONs implanted within
the same forearm.

The effects of varying muscle pinnation angle were not ex-
amined systematically but can be estimated from the general
effects of anisotropy on electrical fields in volume conductors
[33]. These can be viewed as a distortion of the local coordinate
frame that causes any current flux to tend to align parallel to the
muscle fibers. Any change of length of a pinnate muscle tends
to cause rotation of the pinnation angle of its fibers with respect
to the reference axes of the limb segment in which it is located
[34]. Implanted BIONs tend to lie in parallel with the muscle
fibers and to move with them both in translation and rotation.
The anisotropy tends to cancel the effects of rotation because
the electric field gradients in the muscle tend to rotate with the
axis of anisotropy rather than the anatomical axis of the limb,
leaving mostly the effects of displacement alone. The sliding
motion of BIONs will generally be along a predictable single
longitudinal axis with little transverse motion. Any angular ro-
tation of muscle pinnation will be closely correlated with this
longitudinal motion.

C. Sensor Fusion

The modularized nature of the BION system creates pos-
sibilities for sensor fusion that could increase the capability
of the BIONic muscle spindle. For the restoration of reach
and grasp function, several BIONs will need to be implanted
in the forearm in order to provide control over the various
individual muscles required to create useful movements. All

of these BIONs would be powered and controlled by the same
externally generated carrier, giving them a built in synchroniza-
tion mechanism. Each BION can act as either a pulse emitter
or a sensing dipole; each device can be commanded in turn
to emit a pulse while the others record the magnitude of the
local potential gradient. Thus, a rich set of sensed signals from
multiple devices can be detected using a single emitted pulse.
In addition, a reference BION could be placed in or adjacent
to bones, permitting even larger pulse amplitudes with less
danger of stimulating motor axons and taking advantage of
the increased propagation of sensed signals when currents are
emitted near nonconductive boundaries (see Fig. 6).

D. Signal Interpretation

The computation of limb posture from a set of BIONic muscle
spindle signals will not be trivial. This will have to be calibrated
empirically, as the relationship between joint angle and sensor
values will tend to be nonlinear, particularly for closely spaced
implant pairs, which have the highest signal-to-noise values.
Nonmonotonic relationships may occur for certain implants (as
evident from Figs. 4 and 8); however, resulting indeterminacies
should be able to be resolved by Kalman filtering and the coordi-
nation of signals from multiple and possibly redundant devices.
It is important to consider that motion of the biological limb
is highly constrained by anatomy, inertia and muscle force and
speed. These sensors will mostly be used to determine posture
changes incrementally from previously known postures rather
than solving a general inverse.

It is likely to be the case that many potential pairs of implants
acting as signal generator and signal receiver will lie in muscles
that act on different combinations of joints and/or different axes
of motion of those joints. Furthermore, their moment arms may
be a complex function of joint angles in one or more axes [35].
If the muscles have a substantial length of series elastic tendon +
aponeurosis, then sliding and bulging motion of the muscles can
occur from changes in muscle tension that stretch the connective
tissue rather than necessarily changing the joint angle [36]. It
is interesting to note that the central nervous system overcomes
similar computational difficulties to infer posture and movement
from the muscle spindle afferents, but it is not known if or how
specific joint angles are actually computed [12], [37]. If the con-
troller of a limb being reanimated by functional electrical stim-
ulation requires explicit feedback of explicit joint angles, these
may need to be computed by spline functions or look-up ta-
bles derived from empirical calibration data. Alternatively, the
controller may be able to use relatively lightly processed sig-
nals from individual generator—receiver pairs as inputs to iter-
atively trained neural networks. It is an important feature of this
method, however, that once the BIONs are implanted and stabi-
lized in the muscle, there should be little drift in the calibration
of the BIONic muscle spindle system.

Finally, the use of the information derived from the BIONic
muscle spindle system remains to be determined. Almost cer-
tainly it will be needed for closed-loop stabilization of the func-
tional electrical stimulation, much as the spinal cord uses fast,
segmental reflexes from the biological spindle afferents to adjust
motoneuron recruitment to maintain desired limb trajectories.
These reflexes tend to be related to velocity rather than position,
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hence, our emphasis on detecting small changes in coupling be-
tween implants rather than absolute signal strength. It would
also be desirable to provide conscious perception of limb pos-
ture and kinesthesia, but techniques for this remain to be devel-
oped. It may be possible to use sensory substitution, for example
stimulating sensate skin regions above the level of a spinal cord
injury in order to create a sense of motion that the subject learns
to interpret as limb posture [38]. Alternatively, it may be pos-
sible to stimulate proprioceptive regions of the somatosensory
cortex to recreate kinesthesia referred to the limb itself.

E. Future Work

The models used in this study were greatly simplified simu-
lations meant to infer general effects from a complex system. In
order to provide more specific detail regarding the implementa-
tion of the BIONic muscle spindle, more accurate and complex
models could be investigated. More accurate 3-D models of a
human limb, incorporating a full complement of tissue types,
can be created using imaging techniques such as MRI, or serial
dissection photographs from the Visible Human Project (United
States National Library of Medicine). The shape and pinna-
tion angle of individual muscles can be determined from sets of
MR images [39]. Diffusion tensor and diffusion spectrum MR
imaging can provide a measure of tissue structural features that
are likely to be correlated with anisotropic conductivity [40],
[41]. Biomechanical models could give a general idea of ex-
pected BION trajectories, when implanted in specific muscles,
in response to limb motion. These could be coupled with elec-
trical models to give an idea of sensed signal changes for mul-
tiple BIONs implanted in different muscles during movements.

Sufficiently accurate models of the kinematic and electrical
milieu of the limb could be used to optimize BION implant loca-
tions and orientations for BIONic spindle sensing function, but
these factors are already highly constrained by the requirements
for effective neuromuscular stimulation by these same implants.
These mandate that BIONs be implanted near the nerve entry
zone (motor point) of each muscle. It seems more likely that
the BIONic spindle data will be combined with whatever infor-
mation is available from other BION sensory modalities such
as magnetic field sensing and gravity sensing in order to es-
timate posture [23], much as the central nervous system com-
bines information from muscle spindles, skin stretch receptors,
joint receptors and the vestibular apparatus to estimate posture.
Both the biological and proposed prosthetic kinesthetic systems
are likely to rely on empirical training of neural networks rather
than analytical solutions.
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