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a b s t r a c t 

Subsensory electrical noise stimulation has been shown to improve sensory perception in humans. How- 

ever, the majority of this work has been limited to the laboratory due to unavailability of portable body- 

worn stimulators. In this paper, we present a robust and reliable stimulator, engineered for wearable 

applications and designed to extend modulation of human sensory perception outside the physiology 

laboratory. 

The stimulator provides an arbitrary waveform constant current stimulation, offering continuous cur- 

rent stimulation up to ±5 mA with a voltage compliance of ±25 V (expandable up to 70 V). A graphical 

user interface allows setting of stimulus parameters within fixed ranges via a USB connected computer. 

The interface is very simple using a single power switch and a single multi-coloured LED for device feed- 

back. The applied stimulus voltage and current are continually monitored and used to detect short circuit, 

high impedance conditions. These conditions, and other errors e.g. low battery state, put the device in 

a safe state with the user disconnected via a relay. All captured data, including accelerometer data, is 

logged to a removable SD card. Powered by an interchangeable, Li-Ion battery pack > 4 h stimulation is 

achievable. The full circuit, system software and bench tests performed are presented. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

s  

a  

r  

i  

i  

p  

s  

d

 

fi  

i  

o  

a  

p  

r  
1. Introduction 

Neural function may be diminished through injury or disease

and is seen as a normal decline associated with ageing [1,2] .

Among other potential impairments, loss of somatosensory func-

tion can lead to a reduced touch perception, protective sensation

and balance [3,4] . It can contribute to the development of foot

ulceration or increase risk of falls and fractures [5,6] . Currently,

there is little that can be done to restore this function once it is

lost. 

In recent years, a substantial amount of work has been per-

formed to address sensory deficits through the external applica-

tion of a noise stimulus [7] . Termed stochastic resonance by many

authors the process could be more generally termed stochastic fa-

cilitation . Practically, stochastic facilitation is observed within a
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pecific neural system when the function of that neural system is

rguably improved in the presence of some stochastic, biologically

elevant noise [7] . This intervention has taken many forms includ-

ng mechanical and electrical stimulation, and has been shown to

mprove a variety of somatosensory functions in both healthy and

atient cohorts [8–13] . Typically, but not exclusively, the applied

timulus is a subsensory constant Gaussian white or pink noise,

elivered transcutaneously via surface electrodes. 

Indeed, while many of these experiments have shown good ef-

cacy and hold some promise as a future electroceutical there

s very little evidence of efficacy beyond lab based experiments

r short-term studies. Of greatest concern is that little is known

bout the medium to long-term side-effects of any of these pro-

ose treatments. Electrical stimulation at higher current levels can

esult in thermal damage to the skin, burns and/or general discom-

ort [14–16] . While none of these issues have been reported with

ubsensory stimulation, nothing is known about medium or long-

erm effects on comfort, skin integrity or indeed neural responses.

e would suggest that the lack of an appropriate means of deliv-

ring this treatment in a safe, compact and non-intrusive form is a

rimary limiting factor for researchers in this area. 

https://doi.org/10.1016/j.medengphy.2019.04.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.04.001&domain=pdf
mailto:p.breen@westernsydney.edu.au
mailto:serradjo@njms.rutgers.edu
mailto:g.gargiulo@westernsydney.edu.au
https://doi.org/10.1016/j.medengphy.2019.04.001
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To address this bottleneck, we have developed a novel constant

urrent stimulator platform that we believe is suitable to deliver

he previously explored electroceutical treatments in medium to

ong-term studies of efficacy. The requirements of this stimulator

iffer in many respects to those presently available on the market.

o begin with, it is a wearable solution whereas many of the pre-

ious experiments relied on benchtop stimulator devices. Second,

t requires the delivery of an arbitrary constant current stimulus,

 more difficult stimulus to deliver than a traditional, regular, pul-

atile or sinusoidal stimulus (e.g., [17] ), and one that inherently in-

reases the power requirements of the device. A small number of

ortable stimulator have been reported that can provide an arbi-

rary current output. The RehaMovePro is mobile and can create

 custom waveform but has too large a current resolution (0.5 mA)

or this application [18] . Another device by Yamamoto has a limited

oltage compliance ( ±10 V) and is not capable of collecting data on

he stimulus applied over time [19] . 

Device specifications are drawn from experience in previous

ork [12,13,20] . However, the platform stimulator is capable of be-

ng reprogrammed to deliver any desired stimulus output within

ts frequency and amplitude limits. The stimulus required is largely

ow frequency, with substantial 10 dB/decade attenuation with fre-

uency (1/f noise). Over long term use, tracking current and

mpedance is important so an anti-aliasing filter of ∼300 Hz is re-

uired. Voltage compliance of ±25 V and a max current of ±2.5 mA

s necessary. Power requirements are significant as the device may

perate throughout the day. Finally, as with any such device, user-

riendly, safe and appropriate stimulus delivery is paramount. 

We present this device in its entirety and include details on

oftware, circuitry, enclosures, specifications of components and

ench test results. While there is scope for improvement in the

esign and implementation, it should serve as a starting point

or many in the development of stochastic facilitation based treat-

ents for somatosensory impairments. 

. Methods 

The aim of this work was to provide a robust and reliable stim-

lator system that provides arbitrary waveform constant current

timulation for human applications of neural facilitation. The sys-

em may be subdivided into five primary functional blocks – dig-

tal, stimulator, sensing, user interface and power. The block dia-

ram of Fig. 1 . gives an overview of how these subsystems interact,

hile the following sections and supplementary material provide

reater detail of each individual subsection. Please note, standard

ecoupling capacitors were used throughout, but are not shown in

he circuit diagrams that follow. 

.1. Power block 

.1.1. Digital supply 

As the microcontroller operates at 3.3 V, analogue inputs and

utputs are confined within the 0–3.3 V single ended voltage dy-

amic range. However, bidirectional current stimulation requires

 bipolar voltage dynamic, thus both control and acquired signals

eed to be offset and spanned. The necessary offset and spans for

he driving stimulus and read-back signal manipulation are imple-

ented using low noise low power precision operational amplifiers

PA244 [21] . 

The microcontroller is powered by a single 3.7 V li-ion cell. As it

as intended to create a 1 mA/V voltage-to-current converter with

n absolute maximum ±5 mA output, a ± 5 V supply was required

nd is derived from the high-voltage supply. Although this is not

n entirely efficient solution, it does eliminate the alternative need

or an additional cell on the microcontroller side. It further means
hat the entire analogue circuitry is powered from a single step-

p circuit. We implemented the ±5 V supply using 35 V compati-

le versions of the well-known LM7805 and LM7905. In practice

he absolute maximum current output was not used, but instead

imited to ±2.5 mA. 

.1.2. Stimulator supply 

The stimulator requires a high voltage power supply which is

mplemented using the LM2587 flyback regulator from Texas In-

truments [22] , capable of providing an output of up to 65 V from

n input just over 4 V. This circuit is powered by a 11.1 V source im-

lemented with a series of three 3.7 V li-ion cells. The high-voltage

upply was limited to 50 V, and split to ±25 V by a compensated

assive voltage divider ( Fig. 2 B). This technique proved success-

ul to power biomedical amplifiers, including when used in driven

ight leg circuitry. 

As a result, at maximum output ( ±2.5 mA), this stimulator can

ithstand a total body impedance of 10 k Ω . These values have

een selected based on prior experimental experience and to avoid

orced stimulation in abnormal conditions. These compliance level

re appropriate considering an expected minimum skin impedance

f 5 k Ω , balanced with the fact that prolonged forced stimulation

hen contact impedance is high can result in thermal damage to

he skin, burns and/or general discomfort [14–16] . 

Sensory thresholds are often used as a guide to the level of

timulus to apply. The output current range must be sufficient to

enerate perceptible stimuli despite being subthreshold in prac-

ice. Sensory thresholds increase with age so we based the output

urrent range on our previous experiments, and those conducted

y other authors, that included experiments with older adults

9,12,23–25] . As electrode impedance may increase over time, and

he device is intended for continuous use during waking hours, a

arge voltage compliance is necessary. It should be noted that elec-

rode type/size, impedance and site of application may further af-

ect sensory threshold. We believe the current and voltage ranges

re sufficient to accommodate long-term evaluations of previously

ompleted laboratory based experiments. 

.2. Stimulator block 

.2.1. Offset and span 

In order to interface the 3.3 V microcontroller with the much

igher voltages of the stimulator circuitry ( ±25 V), three offset-

pan circuits are implemented. The offset-span circuits all use a

ommon voltage bias obtained by a voltage follower ( Fig. 2 A, U1).

his value is set during calibration using a 25-turn trimmer at its

nput. 

.2.2. Constant current generator 

The core of the arbitrary waveform constant current stimula-

or circuit ( Fig. 2 B) is a modified Howland pump circuit designed

round the ADA4700-1 high voltage, precision operational ampli-

er by Analogue Devices [26,27] . This chip was selected because of

ts high voltage compliance (up to 100 V), high current drive (up to

0 mA) and as it is recommended by the manufacturer for current

ourcing applications. 

To ensure that bipolar current may be generated and the user is

ot a floating load, the current source must have a corresponding

urrent sink, i.e. one of the acts as source and the other as sink.

o achieve this, two ADA4700-1 chips (U3 & U4) were arranged

o form a bidirectional current source/sink circuit across the stim-

lation electrodes (E1 & E2) drawing power from a high-voltage

ompliant power supply. One ADA4700-1 is employed as the mod-

fied Howland pump (U3), and the second as a current sink (U4).

his bootstrapped current sink receives half of the 50 V stimulator

upply voltage as an input, i.e. the stimulator system ground. 
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Fig. 1. Top: Stimulator system block diagram. Bottom Left: Stimulator circuit board with Teensy 3.2 mounted. Bottom Right: Final embodiment of the stimulator system. 
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With a stimulus control signal range of ±2.5 V, to achieve the

desired stimulus output of ±2.5 mA the circuit was set for 1 mA/V

voltage-to-current conversion (See supplementary material for de-

tails). 

2.2.3. Relay 

A double-pole, double-throw relay (Panasonic TQ2-5V-3) allows

the stimulation electrodes to be connected/disconnected to the
timulus load. The electrodes are connected to the normally-open

ide of the relay ensuring the user is disconnected to the stimu-

ator on start-up. The normally-closed side of the relay is shorted,

llowing the microcontroller to go through a series of safety checks

t start-up and periodically if required. This is discussed in greater

etail in the software section. In series with the relay are two

ense resistors (RSENSE1 & RSENSE2) which are used for measure-

ent of the voltage across and current through the relay. 
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Fig. 2. (A) Offset and span circuit for the current pump input. (B) Modified Howland current pump circuit. (C) High-voltage compliant sensing circuit. 
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.3. Sensing block 

The stimulator operates as a closely monitored system to ensure

he safety of the user and to ensure the desired stimulus is being

pplied appropriately. Detection of potentially harmful conditions,

.g. high electrode impedance, is performed by continuous moni-

oring of the stimulation voltage and current at ∼100 Hz. This sens-

ng system is also used during start-up to ensure the stimulator

ystem is operating correctly and to check electrode impedance.

timulation current and voltage drop across the stimulation elec-

rodes are measured by dedicated high-voltage compliant circuitry

 Fig. 2 C). 
.4. Digital block 

The microcontroller circuitry is responsible for generation of

he arbitrary waveform, monitoring the applied voltage/current,

ystem testing and error management. The system is implemented

n firmware running on a small (18 × 36 × 6 mm) open-source

mbedded platform: Teensy 3.2 (PJRC, Sherwood, OR, USA). This

icrocontroller board was chosen primarily as it has 12-bit DAC

nd two concurrent 16-bit ADC’s (13 usable bits). The core is a

2 MHz Cortex-M4, with 256 kB Flash Memory, 64 kB RAM and

 2 kB EEPROM. An internal real-time clock requires an external

2.768 kHz crystal and 3 V coin battery. Programming and external
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Fig. 3. System software flowcharts for (A) the microcontroller and (B) the graphical user interface. 
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communication is achieved via USB. Data is logged to an

SD card using a convenient, pin-matched, SPI connected

WIZ820_SD_Adapter (PJRC, Sherwood, OR, USA) without the op-

tional ethernet socket, reducing the board space requirements. An

MMA8415Q (NXP Semiconductors, Eindhoven, Netherlands) three

axis 14-bit accelerometer is connected via an I2C port. Stimulator

battery power is also constantly monitored by the microcontroller.

A multicolour LED is used to communicate operational and error

states to the user. 

2.4.1. Microcontroller software 

The system firmware was designed such that it may operate ei-

ther independently or under the control of an external computer

running a graphical user interface and connected via USB. Four op-

eration modes are implemented in this initial embodiment, how-

ever, many more can be easily implemented and added to the

firmware and user interface. Fig. 3 provides a software flowchart

emphasising how the embedded firmware and user interface inter-

act. 

The microcontroller software was developed in Arduino Soft-

ware (version 1.6.9), an open source and highly supported pro-

gramming language and embedded on Teensy 3.2 microcontroller

boards as previously described. This embedded system was se-

lected as it met both the requirements of the project and a prefer-

ence to enable future open-source development of the stimulator. 

System start/safety checks: The system starts with the output re-

lay in the inactive state with the stimulation electrodes bypassed

by the relay. The output current is also set to zero, providing dou-

ble fault protection of the user from any transient outputs. 

As the only indication of functionality is indicated by a three

colour LED (red, green, blue), these colours are cycled through ini-

tially. The following series of safety checks are performed with-

out the user connected – battery voltage level, zero current out-

put, positive going current impedance and negative going current

impedance. These safety checks are then repeated, but with the re-

lay switched and the user connected via the electrodes. In all cases

a very low level stimulus is used to perform the impedance check.

Failure of any of these system checks results in an error state, soft

shutdown of the system and the LED turning red, or blue if user

impedance was at issue. 
Modes of operation: The stimulator operates under its own au-

omated control or, in the event that a USB connection is detected,

nder the control of the graphical user interface (GUI). Control of

he stimulator via the GUI will be discussed in the User Interface

lock section. 

In the event that a USB connection is not detected, the mi-

rocontroller looks up user set system parameters (e.g. maximum

timulus amplitude) and RUN MODE to be employed. These param-

ters are saved in EEPROM memory. Four RUN MODES exist in the

urrent system. Noise stimuli are based on prior art [12,28,29] . 

• Continuous Sine – A sinusoidal stimulus is applied via the elec-

trodes at a user set amplitude and frequency. 
• Continuous Noise – Pink noise is applied based on a user set

amplitude. 
• Threshold Sine – A sinusoidal is applied at 20/40/60/80/100% of

a predefined maximum amplitude. Each is applied for a pre-set

period of time (30 s). 
• Threshold Noise – Pink noise is applied at 20/40/60/80/100% of

a predefined maximum amplitude. Each is applied for a pre-set

period of time (30 s). 

The pre-set RUN MODE is then commenced and will operate

ontinuously while simultaneously storing accelerometer signals,

urrent applied and voltage applied data to an SD card and per-

orming intermittent safety check (e.g., battery level and electrode

mpedance). 

.5. User interface block 

There are only three means of user communication with the

evice. A power switch, a single RGB LED and a graphical user in-

erface (GUI) which allows setting of mode and output amplitude

 Fig. 4 , see supplementary material for GUI operation details) 

. Results 

A variety of bench tests were performed on assembled pro-

otype circuits. With the device set to generate a maximum cur-

ent of 2.5 mA across a 10 k � load, the device consumes ∼15 mA,

s measured at the output of the high-voltage step-up circuit.

he relatively high current consumption is largely due to the four
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Fig. 4. Stimulator graphical user interface screenshots. Example use-case for application of threshold sinewave series of increasing amplitudes up to maximum of 1 mA. See 

text for details. 
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DA4700-1 which, according to the technical documentation, typi-

ally require 1.7 mA quiescent current and by the dissipation of the

wo linear regulators (LM7805 and LM7905) required to generate

he dual 5 V rail necessary for the driving/sensing circuitry. 

As mentioned, the current source bandwidth is limited by the

eedback capacitor C1. The addition of this capacitor is deemed

ecessary as the assembled prototype exhibits a natural low pass

haracteristic at ∼750 kHz. The current measured through the load

ecreases very rapidly to this frequency and then increase very

apidly from frequencies > 1 MHz. Adding a 1 nF C1 capacitor in-

reases the overall stability of the circuit and the current source

as a flat bandwidth response up to 500 Hz to then reach a −3 dB

ut-off at ∼2 kHz. The magnitude response then continues to fall

t −20 dB per decade with a negligible amplitude at frequencies

 1 MHz where the presence of instability was previously ob-

erved. None of the assembled prototypes after the addition of the

tabilizing capacitor C1 showed instability. 

The assembled circuit, behaves as a second order low-pass sys-

em with a cut-off frequency measured at 299 Hz (See supplemen-

ary material for bode plots). 
The entire circuit except for the batteries and high-voltage sup-

ly is etched onto a four copper layers printed circuit board mea-

uring 87 × 37 [mm]. The two PCBs and the three batteries are

rranged into a small prototype custom designed plastic box with

xternal measurements of 115 × 55 × 33 [mm] which also pro-

ides direct access to the datalogging SD card and USB connec-

ion for programming/GUI control of the stimulator. The accompa-

ying battery box measures 115 × 70 × 31 [mm]. Combined, with

atteries inserted, they weigh 330 g. While a variety of electrodes

nd electrode cables could be used, we have chosen to use exist-

ng Alpha-Stim cables (Electromedical Products Int., Mineral Wells,

X, USA) for convenience. These are modified to add an inline 5 mA

ast blow fuse as an additional safety measure (Model 273.005, Lit-

elfuse, Inc., Chicago, IL, USA). 

A demonstration of the functionality of the device as applied to

 human subject is shown in Fig. 5 . Voltage and current applied

re shown as well as the impedance measured in 10 s windows.

he application of a continuous sine wave is shown (Amplitude

0.3 mA, 0.1 Hz) followed by transition to continuous noise (Noise

imits ±0.3 mA). 
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Fig. 5. Voltage (Top Panel) and current (Middle Panel) applied to healthy human subject with the application of a sinusoid and noise stimulus. Impedance is shown in 10 s 

windows. 
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Based on further testing, in operation with a sinewave applied

at maximum output, the user can expect to achieve a minimum of

4 h’ continuous use from a single battery pack. 

4. Discussion and Conclusion 

Wearable arbitrary waveform constant current stimulators suit-

able for long-term use and clinical research are not currently avail-

able. Despite several potential applications of this type of technol-

ogy for sensory enhancement/restoration it is difficult to explore

potential real-world benefits of this new form of neuromodulation

without the requisite technology. Considering the potential clinical

applications alone (e.g., for neuropathy reversal, following nerve

injury, falls prevention), making such devices available to physiolo-

gist and clinician could accelerate the development of a variety of

new treatments. 

This paper describes an effort to develop such a device. It is by

no means perfect but is usable complete solution for clinical eval-

uation of a number of long-term applications of neural facilitation.

It is intended to serve as a primer for anyone developing a sim-

ilar solution and one that we anticipate will be surpassed in due

course. We are aware of only one other design that provides for

continuous (non-pulsatile) stochastic output with reasonably volt-

age and current compliance. The design by Yamamoto [19] has

lower power requirements and a battery life of 24 h, consider-

ably longer than our 4 h. This is likely due to our larger voltage

( ±25 V versus ±10 V) and current ( ±2.5 mA versus ±1 mA) compli-

ance. We are in the process of developing a new stimulator system

based on a novel bootstrapped current generator which promises

up to ±72 V compliance with much lower power consumption

( < 300 mW) [30] . Recommended areas of focus include improve-

ment of power consumption, instrumentation and consolidation of

power source to a single battery. Further benefits could be derived
rom taking advantage of wireless communication, smart phone

echnology and potentially cloud based computing. 

The developed stimulator platform is sufficient for long-term

linical trials of any previously mentioned laboratory based exper-

ments cohorts [8–13] . Advancement of the technology will con-

inue in parallel with planned clinical trials. 
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