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_Abstract—A constant-current stimulator for high-impedance loads -‘_S || converter /]
using only low-cost standard high-voltage components is presented. A
voltage-regulator powers an oscillator built across the primary of a step-up T
transformer whose secondary supplies, after rectification, the high voltage nn
to a switched current-mirror in the driving stage. Adjusting the regulated One-shot [ *\) { [ Switching
voltage controls the pulsed-current intensity. A prototype produces External Generator Cireuit
stimulus of amplitude and pulsewidth within 0 < I;, < 20 mA and Trigger
50 ps £ Tpuise X 1ms, respectively. Pulse-repetition spans from ) )
1 Hz to 10 Hz. Worst case ripple is 3.7% atl,,;, = 1mA. Overall Fig. 1. Block diagram of the neurostimulator.

consumption is 5.6 W atl s, = 20 mA.

Index Terms—Current source, current stimulator, electrocutaneous

stimulation, high voltage. duration, and frequency of the pulsed current. Its small number of

components makes it appropriate for low-cost applications. In contrast
with [5]-[8], the supply voltage in the driving stage is proportional
I. INTRODUCTION to the stimulus current. Power consumption is then reduced, which is

Lesions in the nervous system that provoke disruption in the ﬂo\all\}tractlve for battery-operated systems.

of sensory and motor signals to the brain and spinal cord may cause
neurological handicaps. Functional neuromuscular stimulation (FNS) [l. DESCRIPTION OF THENEURAL STIMULATOR

is the electrical activation of paralyzed muscles and can be applied torne plock diagram of the neurostimulator is shown in Fig. 1. It con-
restore partial functionality while providing a medical diagnosis of thgists of a pair of transformers with full-bridge rectifiers, a voltage-reg-
nervous system. FNS is embedded in many prosthetic devices aimifgior, an astable multivibrator, a photocoupler, and a driving stage,
different applications such as control activity of motor nerves and Utjich is composed by a switching circuit antA converter. The load
nary bladder, pain relief, stroke victims, etc. [1]. represents both resistive and reactive components of the electrode/skin
Surface stimulators handing over voltage pulses do not guarant§gigrface as well as the bulk tissue resistance 3].
preset current intensity as the delivered current changes with the chafrpg circuit operates as follows. Line transformi&r and rec-
acteristic of the electrode/skin load. Current-regulated bursts are thg[gs; feed a voltage-regulator, whose outpll. sets the astable
fore most preferred since the charge transferred per stimulus is CO”SE"{‘JHpIy-voItage. Since the astable is loaded by the primary of step-up
regardless the load impedance [2]-{4]. Besides, no uncontrolled spikessformerTs, a self-excited HV oscillation across the secondary
occur at the current-step onset. On the current-pump stimulator {@ndings is attained [9], [10]. After rectification and filtering, a high
ported by Polettet al.[5], theV/I converter relies on costly op-amps, g voltage, which is therefore proportional 13, is supplied to a
as they should meet stringent high-voltage (HV) tolerance and slyitched V//T converter built upon a cascode current-mirror that
rating, while demanding special care for frequency compensation afigivers to the load a pulsed current with constant amplitude. Pulse
over-voltage/current protection. The output stage requires five powgfjration is externally determined by a monostable, which is triggered
supply modules so that a power-up management is needed to estalyfighy transistor—transistor logic level signal. The resulting one-shot
their turn-on sequence, at expense of circuit complexity and consumipiise is input to a photocoupler that drives a switching circuit made
tion. The sample-and-hold current sink/source presented by Hochn]ﬁ;rof discrete transistors.

[6] lacks accuracy, as the current intensity set by the sampled voltagérhe oscillator schematic is illustrated in Fig. 2. Transforffie(6:1,
depends on the bulk effect of metal-oxide—semiconductor field-effegt VA) lowers the power-line voltage from 137, rms to 30V,c.x.
transistors. On the approach by Kac_zmaeehl. [7], the currentis de-  The full-bridge rectifier comprises diodé —D. (IN4007) and filter-
rl\{eq from are.ference.voltage and mlrrqred to the output. However'_teﬁpacitorcq. The resulting dc voltage supplies the voltage-regulator
driving stage is supplied by on-board fixed-value HV sources, whlqh_Mglﬂ-)_ Ultimately, the stimulus magnitude is proportionalife,
remain active even on the absence of a stimulus current. Stand-by G@fiich is manually adjusted by potentiomet®s in the present de-
sumption is thus increased due to ac/dc conversion. An HV versiongfn Nevertheless, advanced versions of the stimulator may feature
the implanted stlmula_tor by Gud_nasehaI.[S] would also experience 3 programmable adjustment. Diod&s—D, (1N4007) produce the
such a drawback as fixed supplies power the current mirrors. voltage drop that ensures 0 V as the lowkstsupplied to the astable,
This communication describes a constant-current neuromuscyjdich comprises BJT devicés, —Q- (TIP41C), base resistofs—R
stimulator employing only standard HV components, whereas fegq collector-coupling capacitofs—Cs. Since oscillation takes place
turing good controllability of stimulus variables such as amplitudgyross the center-taped primary of step-up transfoffaea HV oscil-
lation is developed at its secondary. Supply voltalggs., andV;;p.
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Design constraints on sizing; are twofold: 1) the minimum energy
per a pulsed stimulus and 2) the highest allowed rippld.gn. Ne-
glecting the consumption on current-mirror transistors, the energy to
- C3 be delivered byC+ is Eior =2 Eopt + 2REs I Tpulse, WhereEqp:
is the optocoupler term. Direct manipulation leadsCtp > 2(2 +
1) Tpuise/ Res, wheren = Iopio/Lskin @nd Lo is the optocoupler

output-currentC; should thus be sized in accordance with the largest

= pulsewidth and smallest amplitude Bf;., .

Voo + An initial characterization of,, as function ofl.,, was carried

DDO o . . .

— out, although it is here omitted for the sake of conciseness. Taking

Touise = 1 ms andlskin = 1 MA, it comes ouf,,to = 4.6 MA, so that

C7 > 1.33uF. The ripple factor is given by B exp(—Tpuise/7)],

—Cq wherer = R.C7 andRr = Rgs//Rs//Ropto is the filter resis-
tive-load. R+, denotes the dc-resistan&®no /It Of the opto-

. coupler branch. For the specified rangedsf,o and .., one has
1.95 K2 < Rr < 4.1K). AdoptingC; = 8.8 uF, calculated ripple
factors are 5.66% dtxin = 1 mA and 2.73% al.in = 20 mA, for
worst-case pulsewidth of 1 ms. Larger value€efdecrease the ripple,

Fig. 2. Oscillator schematic. at expense of higher overall consumption, however.

Assuming the astable generates a square waveform and ap-
proximating the analysis to the case of a purely resistive load
between the collectors of); and @2, the oscillation period is
nemnenan >k---- T. & —2R3CxIn[(Ve — VBe)/(2Vr + VBe — Veesar)], Where

- C'x represents the series associatio@gfand(1/2)Cs. By choosing

Rs = Ry, =10k2, Cy = C5 = 0.47uF andCs = 2.2 puF, prelimi-

nary measurements indicated an oscillation-frequency interval of 170

Hz < fo <199 Hz, for 1 V< Vi < 12 V. While still complying with

the specified ripple or..i,, such a low-frequency oscillation reduces

the astable consumption, and consequently, the current required from

the voltage-regulator. Pulsewidth spans from&50to 1 ms and is

adjusted in the external monostable. Other component&are- 1

kQ, Rs = Rip =10 kQ, R =1 k2 anng =(Cy = 1}”:.
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A wire-wrapped prototype of the neurostimulator was realized. All
Fig. 3. Driving-stage schematic. resistors are 1/4 W-carbon with 5%-tolerance. In order to appraise
the stimulator limits without the restriction imposed by subject
pain-threshold, a 10¢{k-load resistor was initially set aBrs. The
transfer function of the circuit, defined as the amplitude of the load
current against the voltage-regulator output, is displayed in Fig. 4, for
stimulation rates of 1 Hz and 10 Hz. Fdsiin, = 20 mA, amplitude
and frequency of oscillation across the secondaryxofre 438V,

The circuit was sized to deliver currents of amplitude and pulsewidémd 204 Hz, respectively. Current mirroring was also characterized
within 0 < Iuin < 20 mA and 5Qus < Thuise < 1 ms, respectively. over the specified current interval, with relative errors below 5%.
Pulse-repetition ranges from 1 Hz to 10 Hz, while the ripple assodtuctuation ofVbpo as function of load resistance was found less
ated withZ, is limited to 6%. It is worth noticing that the proposedthan 2%, for 0< Ris < 10 k2.
topology does not restrict the amplitudelof;,, to the specified range, Prior to stimulation, the skin of the subject’s wrist was abraded
which can be extended by increasing the number of turrig;iand and an electrolyte gel applied to improve contact with the electrode
using components with higher voltage specifications. As the externehds. Tests were performed at different stimulation ratings. At
circuitry imposes pulsewidth and stimulation rate, such parameters dan, = 20 mA and an interpulse separation of 0.1 s (10 Hz), the
be easily adjusted, despite the current magnitude. voltage waveforms acrods; = 10 k2 (a) and skin electrodes (b) are

Considering the use of electrodes with small surface areas, a msltewn in Fig. 5, forl, ... = 50 us. As it can be seen, a reference
imum value of 10 K was assumed for the highly nonlinear resistanceurrent of 20 mA flows throughRs; and is mirrored to the load. On
Rys = Ri + Rs that mimics the electrode and tissue resistancesteady state, the voltage difference between electrodes reaches 100
Adopting Bs = 10 K2 and accounting for voltage drog$sat2, V, so that a value of 5® is estimated fotRps. Similar waveforms
Vnsats andVpss in the driving stage, a compliance voltaieno =  are presented in Fig. 6, f@,.s.. = 1 ms. In this case, the voltage
210V assures current mirroring at highest stimulus current. Therefoagross terminals is nearly 70V, so thats decreases to 3.8k Pulse
the oscillation at the secondaryBf must reach 4207,,. As nominal fall-time is shorter than 42s, which makes the circuit compatible to
characteristicsT» exhibits a winding-ratio of 1:15, a primary-induc-relatively high stimulation rates.
tance of 53 mH, a 4-kV isolation and maximum dissipation of 10 VA. For a 1-ms pulsewidth, the measured ripple is 3.7%.at = 1 mA

T—J
£

IV. EXPERIMENTAL RESULTS

Upon assertion of phade, , M5 switches on current mirroring, so that
a pulsed current is output by the stage.

IIl. CIRcUIT DESIGN

By adjustingVz from 0 to 12 V, peak amplitudes from O to 220are and 1.9% atl.xi, = 20 mA. Overall power consumptioRrot as
attained at the secondary 0. function of Ly, is-displayed in Fig. 7. Sin attery-operated devices
Y Pefitidher - AVation Ria 1&at, e,
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TABLE |
150.0v 2 150.0v (0.00s _50.0%/ £1 STOP NEUROSTIMULATOR MEASURED CHARACTERISTICS

Min Max
Output Current (mA) 0 20
Pulse Duration (ps) 50 1000
Fall Time (us) - 42
: Ripple (%) 1.9 3.7
R N AR Stimulation Rate (Hz) 1 10
Consumption (W) 34 5.6

V. CONCLUSION

A low-cost constant-current neurostimulator based on standard
HV components was presented. It comprises a voltage-regulator that
g:)g- 5A- Vg%age acrozg?s =A101\;Q (a) and Skif: e;ezc(gmd:s_, (b)titk;n :d powers an oscillator built across the primary of a step-up transformer,

MA an ulse — (S. reterence current o MA IS se 5 H i 7 H
mirrored to tﬁe1 load. Estfmated value fBrs is 5 K2 (vert.: 50 V/divl,ﬂ&;]oarir;.: Whpse secondary s.uppll.es, after.rgcuﬂcatlon’ the high voltage to. a
50 pus/div). switched current-mirror in the driving stage. As such a voltage is

proportional to the stimulus current, stand-by consumption is basically
limited to the ac/dc conversion that supplies the voltage-regulator.
Adjusting the regulated voltage controls current intensity, whereas an
optically coupled monostable sets the pulsewidth.

A prototype with readily available components generates currents of
amplitude and pulsewidth within intervals< I, < 20 mA and 50
us < Truise < 1 ms, respectively, for stimulation rates from 1 Hz
to 10 Hz. At maximum consumption of 5.6 W, the voltage-regulator
delivers 2.36 W. Stand-by consumption is 3.1 W. Largest ripple is 2.5%
for4 mA < Liin < 20 mA. Subjectisolation from power line is 4 kV.

Although the circuit was originally devised to muscular stimulation
through surface electrodes and sized for a maximum electrode/skin re-
sistance of 108, the proposed topology can be applied to other ranges
of stimulators. The use of a step-up transformer with an increased ratio
Fig. 6. \Voltage acros®; = 10 k? (a) and skin electrodes, (b) &k, = ©f windings and components with higher voltage specifications would
20 mA andT,... = 1ms. A reference current of 20 mA is set B¢ and accommodate larger values of stimulus current and skin resistance. The
mirrored to the load. Estimated value fBEs is 3.5 K2 (vert.: 50 V/div, horiz.:  small number of components and low consumption make the stimulator
500 pes/div). valuable for portable applications.

150.0V 2 150.0V

are also focused, the voltage-regulator consumption is examined. From ACKNOWLEDGMENT
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Stand-by consumption is 3.1 W and accounts for the dissipation in line
transformer and rectifier, as the astable develops no oscillation. Conse-
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by the voltage-regulator is dissipated in the active part of the circuit. [1] P- €rago, H. Chizeck, M. Neuman, and F. Hambrecht, “Sensors for use
Such efficiency makes the stimulator suitable for portable equipment, ‘\’/V(')tlh émét_'ggaljgﬁu%né'gscmar simulationzEE Trans. Biomed. Eng.
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The numerical simulation in the above paper [1] contains an err H
caused by a mistake in the computer program, which changes the qt
titative but not qualitative results. The revised Figs. 3 and 4 are sho 0 1 I : s 0
here. In Fig. 4, the rati®pc.x / Hpeak fOr large electrodes approaches 0 1 2 3 4
a value of about 30, which is significantly larger than the value of abo a (mm)

3 in the original manuscript, and implies that the model is less likely
) . . (b)
to explain the experimentally observed ratio of anodal and cathodal
thresholds. Fig. 3. Plot of peak depolarization),..., and peak hyperpolarization,

. peak, VS. electrode radiuss, for (a) constant voltage (1 V), and (b) constant
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