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Abstract

Correction of drop foot in hemiplegic gait is achieved by electrical stimulation of the common peroneal nerve with a series of pulses at
a fixed frequency. However, during normal gait, the electromyographic signals from the tibialis anterior muscle indicate that muscle force
is not constant but varies during the swing phase. The application of double pulses for the correction of drop foot may enhance the gait by
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enerating greater torque at the ankle and thereby increase the efficiency of the stimulation with reduced fatigue. A flexible controller has
een designed around the Odstock Drop Foot Stimulator to deliver different profiles of pulses implementing doublets and optimum series. A
eripheral interface controller (PIC) microcontroller with some external circuits has been designed and tested to accommodate six profiles.
reliminary results of the measurements from a normal subject seated in a multi-moment chair (an isometric torque measurement device)

ndicate that profiles containing doublets and optimum spaced pulses look favourable for clinical use.
2005 IPEM. Published by Elsevier Ltd. All rights reserved.
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. Introduction

A device to correct drop foot in real time was first pro-
osed by Liberson et al. [1]. Surface stimulation is applied
hrough adhesive electrodes placed above the peroneal nerve
ausing contraction of the tibialis anterior muscle. As first
oticed by Liberson, a drop foot stimulator (DFS) can act
s a recovery aid with users often experiencing consequen-
ial improvements in their unaided walking [2]. A majority
f surveyed users cite this as the reason when discontinuing
se of a stimulator [3], although the mechanism behind this
ffect is unclear [4].

Drop foot is a common problem following neurological
ysfunction due to stroke, multiple sclerosis or incomplete
pinal cord injury. It is characterised by the inability to lift
he foot while it is brought forward during the swing phase

∗ Corresponding author. Tel.: +44 23 8059 3442; fax: +44 23 8059 2901.
E-mail address: phc@ecs.soton.ac.uk (P.H. Chappell).

of gait often resulting in the foot catching the ground. This
is due to the lack of activity in the ankle dorsiflexion and toe
extensor muscles and also excessive activity in the calf muscle
group pulling the foot into plantaflexion and inversion due
to spacticity. Increasingly, functional electrical stimulation
(FES) is used to correct drop foot. Electrical stimulation of
the common peroneal nerve can produce dorsiflexion and
eversion, which is timed to the gait cycle using a foot switch
placed in the shoe under the heel. When weight is taken off
the switch the stimulation is ramped up and then maintained
at a constant level until heel strike occurs. Fig. 1 shows the
stimulation envelope of the Odstock dropped foot stimulator
(ODFSIII). As a safety feature, should a heel strike signal not
occur after a preset time-out, the stimulation is switched off.

While this has been shown to significantly assist walking,
the pattern of stimulation does not entirely match the natu-
ral pattern of activity in the tibialis anterior, the muscle that
produces dorsiflexion. Fig. 2 shows the naturally occurring
EMG activity at the beginning of the swing phase followed by

350-4533/$ – see front matter © 2005 IPEM. Published by Elsevier Ltd. All rights reserved.
oi:10.1016/j.medengphy.2005.07.014

https://core.ac.uk/display/1505770?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


D.J. Hart et al. / Medical Engineering & Physics 28 (2006) 438–448 439

Fig. 1. Odstock Dropped Foot Stimulator timing parameters.

a reduction in mid-swing and then increasing to its maximum
activity after heel strike (in this figure, the vertical axis shows
the rectified and smoothed output voltage from an amplifier
that has been normalised to a maximum value of 100 and is
an indication of the typical pattern observed). This last burst
of activity provides an eccentric contraction that lowers the
foot to the ground, resisting the plantaflexion moment about
the ankle joint. The effect is approximated in the ODFSIII
by extending the stimulation period for a short time past heel
strike but is a less than optimum solution. While a high level
of stimulation is needed at heel strike, a lower level is required
during the middle of the swing phase. This pattern may lead
to unnecessary muscle fatigue that may ultimately limit the
walking range of the stimulator user. It would therefore be
desirable to mimic more closely the natural pattern of the
tibialis anterior muscle.

A typical specification for a stimulator is shown in Table 1.
The Odstock single channel drop foot stimulator has been
used successfully in the clinical setting for a number of years
with the timing originally generated using discrete logic gates
and analogue circuits. Recently, it has been redesigned to

Table 1
Specification for a ODFSIII [5]

Pulse width 3–350 �s
Output current 20–100 mA
Output voltage 100 V into 1 k�

Rising ramp 0.5–4 s
Stimulation frequency 40 Hz
Stimulation time 0.5–6 s
Extension 0–1.6 s
Descending ramp 0.5–4 s

include experience with the older device and the control has
been dedicated to a peripheral interface controller (PIC).

In contrast to the clinical device, which does not attempt
to mimic the activity profile seen naturally in a healthy per-
son [2] the prototype described in this paper was developed
to investigate the effects of different profiles of stimulation
patterns and to produce natural profiles. Of particular, inter-
est is the effects of adding two pulses or ‘doublets’ [6–9] and
‘optimum series’ [10–12]. Increasing the stimulation inten-
sity during the loading response, results in more time being
spent with the body weight supported by the heel, as opposed
to the toes. This positive effect has been achieved using some
profile shaping [13].

A PIC solution is shown to meet and extend the desired
functionality, allowing the choice of six stimulation profiles
with independent and linear selection of each parameter.

With ethical approval, the response from stimulation of
the common peroneal nerve in a semi-reclined human subject
was tested using the multi-moment chair [14]; an apparatus
that measures isometrically lower limb joint moments at the
ankle, knee and hip.

2. Stimulation profiles

2.1. The natural stimulation profile and catch effect

i

he tibia
Fig. 2. Typical activity (EMG) of t
A motor unit has a natural firing rate of 10–12 Hz, which
s slow when compared to the frequency used in most

lis anterior during a natural stride.
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stimulation applications (40 Hz in the ODFSIII). This higher
stimulation frequency is required in order to produce a rapid
and fused contraction because each stimulation pulse pro-
duces a synchronous single contraction of many muscle
fibres. In contrast, the natural activation of different muscle
fibres is active asynchronously. However, it has been shown
in natural muscle activity that at times when a greater force
output is required, extra nerve pulses occur a few millisec-
onds after the initial impulse. This has the effect of increasing
the tension produced by muscle, even if the total number of
nerve pulses is the same in any given period. This effect can
also be demonstrated using electrical stimulation. When a
motor unit is stimulated with a low-frequency train of pulses,
the addition of an extra pulse in quick succession (doublet)
can significantly increase muscle tension [6–9]. Under opti-
mal conditions, the additional tension from a doublet lasts for
several seconds and greatly exceeds the tension produced by
a single pulse. Studies using the ‘catch effect’ have suggested
a slower rate of muscle fatigue [9,10,12,15]. Rapid muscle
fatigue is the fundamental imperfection of FES, hence this
result would have important ramifications in the clinical set-
ting. Research into the catch effect indicates many results and
hypothesis’s supporting these findings [6,7,16]. As yet there
appears no established explanation of this phenomenon. We
therefore propose to exploit this effect to modulate the output
from the anterior tibialis by adding “stimulation doublets” at
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used. In order to minimise the engineering complexity of the
system PWM was chosen with a constant stimulation voltage.
The effect of the stimulation is largely proportional to the
charge delivered to the nerve and therefore the contraction
strength can be modulated by either a pulse amplitude or pulse
duration. There is a threshold value of pulse amplitude below
which axons will not be sufficiently depolarised; hence, not
recruiting motor units. The threshold varies from subject to
subject through a number of factors such as skin condition,
electrode placement, tissue type and thickness.

Rather than using a linear ramp, an exponential profile
Eq. (1) delivers a more gradual transition from ramping to
the mid-band stimulation where the initial rate of increase in
stimulation intensity grows quickly and progressively slows
as the stimulation reaches its final value:

pw ∝
(

1 − exp
(
− t

τ

))
(1)

where pw is the pulse width, t the time and τ is the time
constant.

The typical timing specifications are used (Table 1). In
profiles utilising doublets of stimulation, discreet control with
a resolution of a millisecond is provided over doublet spacing,
hence allowing investigation of the catch effect and force
response. Research into the use of doublets suggests the catch
effect being most noticeable with doublet spacing of 5–10 ms
[
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eel rise and heel strike. Fig. 3 shows an example of the stim-
lation waveform that may be used and roughly corresponds
o the natural activity shown in Fig. 2.

An aim of this research is to investigate the use of the catch
ffect in producing a stimulation profile, which more closely
ollows the natural gait [17,18].

.2. Stimulator profiles

To vary the intensity of the stimulation either pulse width
odulation (PWM) or amplitude modulation (AM) can be

ig. 3. Illustration of the potential stimulation pattern to mimic the natural
uscle activity.
9], hence the doublet parameter is selectable over the range
–11 ms.

Fig. 4 shows the six stimulation profiles with the following
eatures:

. 40 Hz: This profile mimics the ODFSIII. The only dis-
tinction between the profiles being PWM rather than AM
during ramping. Differences of the modified ODFSIII to
observed force responses should only be due to the dif-
ferent ramping methods adopted or the coupling of the
stimulation signal to the output transformer.

. 20 Hz: As profile 1, however stimulation is applied at
20 Hz rather than the typical 40 Hz used by the ODFSIII.
The response gained from this profile will prove a useful
comparison when testing a subject using profiles 3 and 5.

. Doublets at 20 Hz: This profile tests the effectiveness
of sustained force found when using doublets at 20 Hz
and hence has the same number of pulses per second
as the 40 Hz constant frequency stimulation (profile 1).
Experiments using this profile will demonstrate that any
differences in the torque produced is due to the use of
doublets.

. Doublets in bursts: This profile attempts to modulate the
intensity of muscle recruitment during the periods where
natural maxima in the activity of the tibialis anterior
would be seen. A phase of doublets with controllable
spacing and duration are applied in these areas. In
between, the stimulation is maintained at 20 Hz single
pulses. An initial peak is added between the end of the
rising ramp and the start of the main stimulation. During
this time (0–1.6 s) doublets are added to a profile.
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Fig. 4. The six stimulation profiles, dotted lines indicate ramping intensity: (1) single pulses throughout at 40 Hz; (2) single pulses throughout at 20 Hz; (3)
doublets throughout; (4) a controllable duration of doublets after ramp up and at heel strike; (5) optimum spaced pulses throughout; (6) a controllable duration
of optimum spaced pulses after ramp up and at heel strike.

5. Optimal: This profile tests the effectiveness of sustained
force found when using a sequence of optimally spaced
stimulation pulses based upon pulse sequences which gave
the most force from the human thenar muscle in experi-
ments carried out by Thomas et al. [11]. No substantial
effect of varying the inter-pulse interval of post doublet
pulses was found. Hence, a sixth inter-pulse spacing of
35 ms was replaced with 40 ms to aid timing and com-
parison between profiles. Per series, the same number of
stimulation pulses is applied as the ODFSIII would, hence
investigation into whether this variable spacing pattern
throughout gives greater force per amount of applied stim-
ulation can be made. It has been suggested that the same
amount of stimulation with variable spaced pulses can give
slower muscle fatigue [9,10,12,15]. The inter-pulse inter-
vals adopted in this profile are 5, 15, 25, 30, 35 and 40 ms.

6. Optimal in bursts: This profile is akin to profile 4, a
controllable duration of the optimum series of pulses is
applied during periods where the force response in the
tibialis anterior would be naturally greatest. In between,

the stimulation is maintained at 20 Hz single pulses. An
initial peak is added between the end of the rising ramp and
the start of the main stimulation. During this time (0–1.6 s)
repetitions of the optimum series are added to a profile.

The same number of stimulation pulses (six) per 150 ms is
applied to profiles 1, 3 and 5 compared with profile 2, where
50% less is applied over the same period (three pulses). Fig. 5
shows the four different pulse spacing trains over 150 ms
adopted by the profiles. Ramping always takes place at 50 ms
inter-pulse spacing (20 Hz) except for profile 1 which is at
40 Hz (25 ms inter-pulse spacing).

3. Stimulator

The stimulator was designed around a PIC16F84 (Fig. 6),
making use of the input and output circuits from an ODF-
SIII. The design specifications were to implement the system
exploiting as much of a PIC as possible with little supporting
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Fig. 5. Timings of the stimulation profiles.

hardware. If all parameter values could be expressed in a dig-
ital form within the PIC, complete computer control would be
an achievable future development. A number of user inputs
are selectable to allow the choice of different profiles and
timing parameters.

3.1. Design

A standard ODFSIII was modified in this design. The CE
marked device was chosen because its output is known to be
safe and effective in clinical use. In typical use, analogue set-
tings (Table 1) by clinicians or users must be conveyed in a
form understandable to the PIC. Linear potentiometers, con-
nected across the voltage supply (5 V) to the PIC, are used for
these variables. A multi-channel 8-bit and serial ADC trans-
lates the voltages set on the wiper terminals. A single pole
and double throw switch is provided to choose between fixed
or adaptive timing. A second switch allows for the selection
between either manual or partial computer control. There is
linear and continuous control over the time taken to ramp

down between no stimulation and maximum over the range,
0.5–4 s. A visual indicator (LED) is illuminated when stim-
ulation is being applied. At switch on/off, no stimulation is
applied to the user.

The final voltage (Vfpw) from the pulse width potentiome-
ter is in direct proportion to the pulse width produced at the
output. The ADC samples Vfpw and stores its 8-bit represen-
tation (fpw). During ramping time (T), either up or down, the
pulse width (pw) is modulated.

3.2. Ramp up

A series capacitor and variable resistor are used to form
the exponential function Eq. (1). Sampling of the voltage
across the capacitor before each pulse provides a digital value
of the pulse width (pw) in the exponential charging manner
required. Before charging occurs, Vfpw is converted by the
ADC to its digital form (fpw) and then through simple calcu-
lation ramping continues until the digital value of the voltage
across the capacitor reaches 75% of fpw (this percentage cor-
responds to a level where there is sufficient slowing of the
ramp to represent its end). Once this threshold is passed the
pulse width (pw) is set at 0.75 fpw until ramp down. A simple
voltage follower buffers the voltage across the resistor used
to set Vfpw (Fig. 7).

When operating at the lowest achievable final pulse width,
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fpw has a minimum value of 150 mV corresponding to a
ulse of approximately 30 �s width. This potential is the
inimum the capacitor can be accurately charged to over the
aximum ramping time of 4 s. In order to achieve this time

eriod, large capacitance and resistance values are needed.
o minimise the effects of leakage current, which would oth-
rwise have a notable effect, a tantalum capacitor is used
n preference to a standard electrolytic. Pulses widths of 5 �s
nd above are produced during ramping while the mid-profile
ulses are between 30 and 340 �s.

An op-amp (LM324) with an output capable of reaching
lose to zero, when operating from a single positive supply, is
rucial in maintaining accurate timings at low pulse widths.

A purely digital form of exponential ramping was inves-
igated using an iterative method of adding one-eighth of the
ifference between the current value of pulse width and the
nal value. Using this factor of an eighth, it was found that

he pulse width could rise to within approximately 70% in 10
terations. Working with a frequency of 20 Hz this is a ramp
ime of effectively 500 ms. The linear range of control over
amping time was discrete, corresponding to 0–8 repetitions
f each calculated pulse width from 0 to 4 s with a resolution
f 500 ms. This method was a basic solution using minimal
ardware. However, it had several unfavourable characteris-
ics. Abrupt changes occur that produce a ‘staircase effect’
f 10 discrete levels. Only eight discrete values of rise time
ith a resolution of 500 ms are achievable. The algorithm
oes not work independently of the stimulation frequency,
hich does not allow for the use of both 20 and 40 Hz
rofiles.
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Fig. 6. Schematic diagram of PIC based stimulator (rectangle with the broken line shows the modules incorporated into an ODFSIII).

3.3. Ramp down

A capacitor charged by a constant current source, acts
as a linear integrator. This is the fundamental characteristic
required; to linearly ramp from Vfpw (a controllable param-
eter) to zero in a time independent of Vfpw, i.e. the charging
rate is proportional to charging level. While conventional cur-
rent mirrors and op-amp integrators were considered, a single
supply circuit, ‘The Deboo’ integrator was used [19].

A ‘ramp down disable’ control signal from the PIC dis-
ables integration by holding its output at near to zero during
phases of stimulation other than ramp down. After the exten-
sion phase of stimulation, the integrator is no longer inhibited
and its output charges at a rate appropriate to that fraction of
Vfpw applied to its input by a controllable resistor network
(Fig. 8).

By designing the Deboo integrator to have an integra-
tion period of τ (i.e. for an input of Vfpw applied, the output

charges to Vfpw in τ s), applying a 10th of Vfpw results in an
integration time of 10τ. An op-amp voltage follower buffers
the fraction of Vfpw applied, as otherwise the impedance of
the resistor network would affect the biasing of the Deboo
integrator.

The Deboo integrator was found to operate well with good
timing accuracy. Discharge of the capacitor, between trains
of the stimulation profiles, was achieved with a transistor and
a small resistance placed in series to limit the peak discharge
current.

3.4. Ramping control signal protocol

On triggering from the footswitch signal, the PIC reviews
any changes made to the parameter settings. A ramp enable
control line from the PIC applies a high signal to the poten-
tiometer setting Vfpw (Fig. 7). This initiates charging of the
ramp up capacitor, with pw routinely sampled from this
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Fig. 7. Circuit schematic of ramp up module.

potentiometer to give the appropriate exponential ramp char-
acteristic.

Once pw passes 75% of the originally scanned fpw, the
pulses in the middle of profile (Fig. 4) are applied. Ramp
enable remains high, allowing complete charging of the ramp

up capacitor. This is conducted due to the requirement of Vfpw
governing the rate of charge of the Deboo integrator. Ramp
enable could be disengaged during the mid-band stimulation,
however, it would result in charging and discharging of the
ramp up capacitor as it is toggled at the start and finish of

atic of
Fig. 8. Circuit schem
 ramp down module.
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the mid-band profile. Efficient use of power is achieved by
minimising the number of times the ramp up capacitor is
charged and discharged.

Up to this time ramp down disable (Fig. 8) is applied high,
inhibiting the charging of the Deboo integrator. On comple-
tion of the mid-band stimulation, this signal goes low thereby
allowing the production of a linear ramp in pw by the PIC
sampling the ramp down signal.

3.5. Pulse generation

Accurate control over pulse width is achieved using the
internal 8-bit timer of the PIC, which maintains a minimum
overhead on the processor time. With no pre-scalar, 1 �s res-
olution can be achieved in the range 0–255 �s. To meet the
specified range of 3–350 �s requires a divide by 2 pre-scalar
resulting in a resolution of 2 �s (count range up to 175). The
most efficient use of assembler code generated an overhead
of five instruction cycles, hence when a pulse width of zero
is requested a pulse of 5 �s is observed.

3.6. Mid-profile stimulation and selection

When called with a positive width value and negative
width value, a pulse width function accurately produces
an output pulse of the given values. For each test profile,
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4. Experimental method

The modified ODFSIII allows for the programming of dif-
ferent stimulation outputs in order to test the six waveforms
shown in Fig. 4. Initial tests on three able-bodied volunteers
recruited from the Salisbury District Hospital and the Uni-
versity of Southampton were proposed (Table 2) and are the
subject of future work. If the tests are successful, the test pro-
cedure will be repeated with three current ODFSIII users to
see if the same results are produced in the target user group.

Ethical approval for the experimental work was obtained
from the Salisbury Research Ethics Committee. A comfort-
able stimulation intensity and timing, appropriate for produc-
ing foot-lift during walking, was found for each subject. The
subject was then positioned in an apparatus that measures
isometrically lower limb joint moments at the ankle, knee
and hip; the multi-moment chair [14]. The subject sat within
the apparatus, with the feet secured in boxes mounted on
beam structures with strain gauge transducers. The knees are
secured in vertical support beams, again with strain gauges
attached. These sensors measure any force change produced
about the hip, knee and ankle in the three orthogonal planes.
Sensor inputs are sampled at 100.8 Hz and averaged over 16
samples. Straps around the pelvis, waist and body are used
to minimise movement and for safety. Different joint angles
are accommodated by inclining the back-board, raising or
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he mid-band stimulation is then simplified into effectively
mplementing a state machine corresponding to a number of
iming delays (Fig. 9). These state machines were generated
hrough consideration of the existing ODFS operation and
hat was required logically. Since for each profile there are
known number of pulses every 150 ms, timing loops are

valuated through counting the number of pulses generated.
bout 80% of the program memory in the PIC16F84 is used

o store the software.
On power-up one of the six profiles is selected using a

ix-throw-single-pole switch. A voltage divider, using five
eries connected 220 k resistors, divides the range into 51
nit increments (255/5) allowing for sensing of the state of
he switch. The ADC translates a voltage into a digital value
0–255), which is transmitted serially to the PIC. The switch
etting is determined by the PIC examining the boundary
alues of each interval.

.7. Serial interface

The inclusion of this element is partially seen to demon-
trate further development. The clinical setting of poten-
iometers and switches to dictate parameters does not exploit
heir possible accuracy. Research devices, controlled by
ocket PCs through a serial interface appear indicative of
ow practical DFSs may be developed [20,21]. Clinicians
ould set parameters through the use of a pocket PC, with
o risk of unintentional adjustment between appointments.
he decreasing price of these devices suggests this may be a

easible method of future clinical control.
owering the seat height and adjusting the angles of the feet
oxes in the sagittal plane. In these tests, the subject was
emi-reclined with the position defined at the ankles 65◦, at
he knees 15◦ and at the hips 35◦. This position was selected
o mimic the ‘extended’ posture adopted during walking and
or comfort.

In this study, the responses only at the ankle are inves-
igated. By the nature of the design of the multi-moment
hair, dorsiflexion moments are measured directly as one of
he bending moments of the beam structure, with an associ-
ted non-systematic RMS error of 0.86 N m [14]. Steps were
aken to minimise further errors by fixing the foot securely
o prevent any movement and to allow for rests in between
timulation tests to minimise the effects of fatigue. During
nitial measurements, it was observed that the dorsiflexion

oments were only a few Newton meter maximum. It was
herefore decided to increase the stimulation levels to result
n increased moments up to about 10 N m.

Dorsiflexion force was determined for the six profiles with
310 �s pulse width during the main stimulation time. The

orce values were converted into torque by measuring the

able 2
election criteria for able-bodied volunteers

o history of neurological
injury or illness

Normal range of passive movement
about the ankle

o history of epilepsy Able to tolerate the sensation of
stimulation

ot a pace-maker user Able to give signed informed consent
ot pregnant
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Fig. 9. Flow chart for stimulation profiles 3 and 6 (for profiles 1, 2, 4 and 5 the ‘initial peak’ loop is removed).
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hip to knee and knee to ankle distances. A Mixed Signal
Oscilloscope (Agilent 546222D) and current probe (Philips
PM9355) captured the current waveforms during each stim-
ulation, which was set at 30 mA.

5. Results

Fig. 10 shows the torque generated for the different pro-
files. The purpose of the experiments was to investigate the
shaping potential of the different profiles. While no attempt
was made to time the stimulation duration precisely, all the
waveforms are of approximately the same length except pro-
file 1 whose average value is included as a broken line in all
the plots. Each stimulation profile was started and stopped
manually using a switch.

The waveform for profile 1 clearly has a bigger magnitude
than profile 2 due to twice the stimulation frequency. With
4 ms separating the doublets there is more torque for profile 3.
The spacing of 4 ms was chosen from a consideration of val-
ues found in the literature [6–11]. The new device will allow
us to investigate this effect further in future experiments. In
the middle of the waveform for profile 4 there is about the
same torque as for profile 2 as the frequency is the same.
The inclusion of doublets after the ramp up and at heel strike
has increased the torque but not to the level seen in profile 3.
A
o
4

Table 3
Average torque over the top part of each waveform for the different profiles

Profile 1 2 3 4 5 6
Torque (N m) 7.9 6.2 9.3 7 9.7 6.8
Difference with respect

to profile 1 (%)
0 −21 17 −12 22 −15

Table 3 shows the average torque for the different profiles.
Of note is the increase in magnitude when using the optimum
profile 5.

6. Discussion

Observations of the current waveform show no distortions
and only transients with short time-constants caused by the
impedance of a subject’s skin. All the observed voltage and
current transients were shorter than the smallest inter-pulse
duration that can be achieved by the stimulator of 1.5 ms.
In practice, the minimum inter-pulse duration will be 4 ms,
which is even longer. Physically, the doublet pulses were
therefore independent events.

While the stimulation profiles have demonstrated that
peaks in torque can be achieved (Fig. 10), further experi-
ments are required to determine if it is possible to generate
a waveform shape that is close to that seen naturally. Also
experiments reported in this paper have been carried out under
isometric conditions. There will be varying loads applied
to a muscle during walking and the further experiments
similar effect is seen for profile 6. The magnitude for the
ptimum waveform, profile 5 shows a larger value than the
0 Hz repetitive stimulation, profile 1.
Fig. 10. Dorsiflexion torque for the different profiles at 310 ms pulse w
idth (broken line shows average torque generated for profile 1).
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are needed to demonstrate whether peaks of torque can be
achieved under these dynamic conditions.

There are reports in the literature of experiments to study
the effects of doublets and optimum series [6–12], but we
have not found any investigations into the phenomenon with
respect to the tibialis anterior muscle. The inter-pulse times
for the optimum series in Section 2.2 and Fig. 4 were loosely
based on the values reported by Thomas et al. in their stimu-
lation of the median nerve that innervates thenar motor units
[9]. It is possible that individual muscles may respond better
to other time series as the effect may depend on different fibre
types and muscle anatomy.

It is not clear that an increase in torque output observed
using doublets can be achieved with a lower energy cost
[9,10].

The combination of digital and analogue components has
resulted in a practical design. Ramping up uses a non-linear
and gradual transition, ensuring there is no discontinuity
between ramping and the start of the main stimulation. A
novel Deboo integrator is used in the ramp down circuit,
achieving a reliable and accurate timing. Our focus for this
work is in the flexibility offered by the PIC in storing a num-
ber of different stimulation patterns to investigate the effects
of doublet pulses. Other designs are possible where nearly all
the functions required from the stimulator are implemented
digitally in a PIC. A balance is needed between memory space
(
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[9] Bigland-Ritchie B, Zijdewind I, Thomas CK. Muscle fatigue
induced by stimulation with and without doublets. Muscle & Nerve
2000;23(9):1348–55.

[10] Bickel SC, Slade JM, Warren GL, Dudley GA. Fatigability and
variable-frequency train stimulation of human skeletal muscles. Phys
Ther 2003;83:4.

[11] Thomas CK, Johansson RS, Bigland-Ritchie B. Pattern of pulses that
maximise force output from single human thenar motor units. Am J

[

[

[

[

[

[

[

[

[

[

number of stored waveforms), size (portability), power con-
umption (battery life), program complexity (development
ime) and reliability (number of components and software
esign).

. Conclusion

A versatile and microcontroller based stimulator has been
eveloped for use in the clinical research setting by replacing
any of the analogue circuits in an Odstock Drop Foot Stim-

lator. Linear ramping down is achieved using a novel Deboo
ntegrator. The new stimulation waveform has been realised
sing a combination of simple analogue and digital design.
arameters are set using analogue inputs converted to digital
alues. Up to six different stimulation profiles with doublets
r optimum series are stored in the controller’s memory. The
esults indicate that the stimulation of the common peroneal
erve with a non-repetitive series of pulses enhances the mag-
itude of dorsiflexion torque, which could lead to waveform
haping of the tibialis anterior activity during a gait cycle.
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