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Abstract

Recently, application of vibrotactile noise to the wrist or back of the hand has been shown to 

enhance fingertip tactile sensory perception (Enders et al 2013), supporting a potential for an 

assistive device worn at the wrist, that generates minute vibration to help the elderly or patients 

with sensory deficit. However, knowledge regarding the detailed physiological mechanism behind 

this sensory improvement in the central nervous system, especially in the human brain, is limited, 

hindering progress in development and use of such assistive devices. To enable investigation of 

the impact of vibrotactile noise on sensorimotor brain activity in humans, a magnetic resonance 

imaging (MRI)-compatible vibrotactile system was developed to provide vibrotactile noise during 

an MRI of the brain. The vibrotactile system utilizes a remote (outside the MR room) signal 

amplifier which provides a voltage from −40 V to +40 V to drive a 12 mm diameter piezoelectric 

vibrator (inside the MR room). It is portable and is found MRI-compatible to enable its use for 

neurologic investigation with MRI. The system was also found to induce improvement in fingertip 

tactile sensation, consistent with the previous study.
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1.0 Introduction

Application of vibrotactile noise has been shown to enhance skin tactile sensation via 

stochastic resonance (SR), not only in healthy young adults (Collins et al 1997) but also in 

older adults, stroke survivors, and patients with diabetic neuropathy who have sensory 

deficit (Liu et al 2002). SR is a phenomenon in which a system’s response to a weak signal 

is enhanced by the presence of subthreshold white noise (Wells et al 2005). Figure 1 shows 

that SR can assist a sensing system in detecting a weak signal by adding an optimal amount 

of noise. A weak signal that is below the threshold and thus not detected on its own (figure 

1a) can cross the sensory threshold and be detected when adequate noise is added to the 

signal (figure 1b), while excessive noise hampers the system’s sensitivity to the signal 

(figure 1c). In most cases, it is preferred to eliminate noise from a signal; however, in the 

case of sensing a small sensory signal, an outside noise is helpful for bringing the signal 

above threshold and allowing the body to sense the small signal.

The potential benefit of using vibrotactile noise as an assistive device is clear. Tactile 

sensation is critical for feedback motor control and dexterous movements (Augurelle et al 

2003, Monzée et al 2001, Westling and Johansson 1984, Johansson and Westling 1984) that 

are directly relevant to motor function, functional independence, and quality of life. People 

with impaired tactile sensation, such as stroke survivors who often experience tactile sensory 

deficits in the hand (Carey 1995), suffer from resulting impairment in hand grip function, 

limiting their activities of daily living (Blennerhassett et al 2006). Therefore, a device 

generating small amounts of vibrotactile noise can be used to enhance fine motor function. 

For instance, a device attached to the fingertip, applying small amounts of vibrotactile noise 

to the cutaneous receptors in the nearby skin, not only enhanced fingertip tactile sensation 

but also improved dexterous grip control such as control of safety margin during grip and lift 

task in healthy adults (Liu et al 2013).

However, a vibrotactile noise device attached to the fingertip physically interferes with 

dexterous hand and finger movement and cannot be a viable solution for impaired sensation 

and hand dexterity. In lieu of the direct noise, vibrotactile noise applied remotely from the 

fingertip, such as to the wrist, was recently shown to have a promise to enhance fingertip 

tactile sensation (Enders et al 2013) and hand dexterity (Kosmopoulos et al 2014). It is 

postulated that the noise from the wrist may be integrated with the signal from the fingertip 

within the central nervous system, through existing nerve connections (Merzenich et al 

1983; Bjorkman et al 2004; Hidaka et al 2000). This postulation needs to be physiologically 

tested in order to support further development of a remote vibrotactile noise device to 

enhance finger tactile sensation. One of the testing beds is Magnetic Resonance Imaging 

(MRI) of the brain, to identify brain areas whose activity changes with remote vibrotactile 

noise. To physiologically elucidate how the remote noise-induced improvement in tactile 

sensation and hand function are represented in human brains as seen by MRI, an MRI-

compatible vibrotactile system was designed as follows. While MRI provides great insight 

into the usage of the brain, the strong magnetic fields greatly limit the use of standard 

vibrators, thus necessitating a custom-made MRI-compatible vibrotactile system. This 

system is expected to assist understanding of the neural working of remote vibrotactile 
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noise, thereby furthering the development of assistive devices using remote vibrotactile 

noise to enhance hand function.

2.0 Methods

2.1 Overall design

In order to avoid extra complications due to the MRI-compatibility requirement, the system 

was set up so that the noise source (audio file on a laptop, a 10 Hz to 1 kHz random noise, 

which was created by LabVIEW and was found effective in enhancing fingertip tactile 

sensation in Enders et al 2013) and the driving circuit (noise amplifier) were located outside 

of the MRI room, with shielded wires running into the MRI room. The BNC connector was 

chosen to connect to the interface panel that separates the MR room from the computer 

control room. Coaxial wire was chosen because shielded wires minimize interference from 

the magnetic field of the MRI.

2.2 Vibrator

Because the vibrotactile system had to be MRI compatible, we could not use the magnetic 

material in common solenoid style vibrators. We selected a 12 mm diameter piezoelectric 

vibrator from a Piezoelectronic Buzzer (PS1240P02BT, TDK Corporation). It required up to 

80 Vp-p to yield adequate vibration.

To prevent any potential electrical shock from the amplified signal sent to the piezoelectric 

vibrator in the event that the vibrator was placed upside down and the two wires contact the 

human skin, the two electrical leads were coated with a nonconductive hot-melt adhesive 

(All-Purpose Clear Mini Glue Sticks, Arrow Fastener, Saddle Brook, NJ).

2.3 Vibrotactile Amplifier: Fly back converter

A battery system was chosen to allow the device to be portable for use in various test 

environments. We used a DC-DC converter to boost the voltage to 80 Vp-p required for 

adequate vibration. The flyback converter is based on the buck-boost converter, with the 

switching realized using a Q1 MOSFET and diode. If the inductor is added to a transformer, 

a buck-boost converter is changed to a flyback converter (Erickson and Maksimovic 2004).

Figure 2 shows this design in detail. The control chip is a Texas Instruments TL384. The 

control chip requires a frequency greater than or equal to 300 kHz to yield a stable output 

and an input voltage between 10 V and 30 V. In the current device, a frequency of 300 kHz 

is used as well as a power source that uses two series 9 V batteries which yield an 18 V 

supply. A Wurth 750311889 transformer with a 1:5 step up ratio steps up the voltage.

2.4 Amplifier

We amplified 0.1 V input signal to 80 Vp-p output using a two stage amplifier, The OPA452 

Power amp included High Pass Filters (HPF) with a corner frequency of 5 Hz, between each 

stage.
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2.5 Final Design

An external laptop fed the amplifier, which fed the MR room internal cable and vibrator.

2.6 MR Safety Testing and Phantom Testing

First, initial inspection outside the MR room was performed on the cable and vibrator to 

detect any pull against the strong magnet. Second a safety test inside the MR room was 

performed by bringing the cable and vibrator into the MR room to test for any magnetic pull.

A multimeter was used to confirm zero conductance between the two electrical leads on the 

piezoelectric vibrator insulated with hot-melt. A temperature probe placed against the 

vibrator while the MRI scanner was operating confirmed negligible heating.

The anatomical scans (SPGR) were run without the device present in the MR room, with the 

device present in the MR room but turned off, and with the device turned on thus generating 

vibration in the MR room, to confirm intactness of the image.

2.7 Device Performance Testing

We examined amplifier gain and confirmed that equal amplification is applied across the 

frequency range. We confirmed that the voltage fed to the vibrator was not affected by the 

MRI scan while the MRI scan was off and on.

We confirmed that the actual vibration level applied to the skin does not change with the 

MRI scan by measuring the sensory threshold outside and inside the MR room. We 

measured with vibration intensity just below the sensory threshold, to see if the MRI would 

increase the vibration intensity for the subject to perceive the vibration. We also measured 

just above the sensory threshold, to see if the MRI would decrease the vibration intensity for 

the subject to not be able to perceive the vibration.

To demonstrate that the system could enhance fingertip tactile sensation remotely as in the 

previous study (Enders et al 2013), we compared fingertip tactile sensation without noise to 

that with vibrotactile noise applied to the wrist. We measured fingertip tactile sensation as 

the minimum intensity of tactile stimulus on the fingertip that subjects could perceive. We 

applied tactile stimulus to the fingertip using the C-3 Tactor (Engineering Acoustics, Inc, 

Casselberry, FL) using five healthy young adults.

We placed the vibrator flat to the hand skin and attached using sticky tapes. We applied no 

additional pressure on the vibrator. Direct measurement of vibration amplitudes in the MR 

room was not possible as such measurement devices are not MRI-safe.

3.0 Results and Discussion

3.1 MR Safety Testing and Phantom Testing

The BNC coaxial cable and piezoelectric vibrator passed the initial inspection outside the 

MR room using a strong magnet. The BNC connector was affected by the magnet. Since the 

BNC connector is to stay at the interface panel between the MR room and the computer 

room which is located outside the 10 gauss (1 mT) line, it was recommended that care 

Wang et al. Page 4

Physiol Meas. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



should be taken with installing the BNC connector to the interface panel, by not bringing the 

connector close to the 10 gauss (1 mT) line. The cable and vibrator also passed the second 

safety test inside the MR room, as there were no detectable forces or magnetic effects in the 

MR room. These tests assured that the device does not pose a risk to the MRI scanner.

Patient safety testing confirmed no hazard of electric shock or risk of skin burning. The 

anatomical scans showed no signs of the device interfering with the MRI scans. Upon 

passing these safety and phantom tests, the vibrotactile device was approved for use within 

the short bore 3.0 T MR room at the Medical College of Wisconsin.

3.2 Device Performance with MRI

The device works well in the MRI room. Similar power spectral density when MRI is ON 

and OFF showed the MRI does not interfere with the device.

When the voltage input to the vibrator was just below the sensory threshold level that was 

determined outside the MR room, the subject did not feel any vibration during the MRI 

scans, which indicates that the vibration intensity did not increase during the MRI scans. 

When the voltage input to the vibrator was just above the sensory threshold level that was 

determined outside the MR room, the subject constantly felt the vibration during the MRI 

scans, indicating that the vibration intensity did not decrease during the MRI scans. Thus, 

the subject could not perceive any changes in vibration amplitudes, suggesting that the 

vibration amplitude was not affected by the MRI scans.

Improvement in fingertip tactile sensation with remote vibrotactile noise was demonstrated 

using the developed vibrotactile system. Consistently with Enders et al (2013), application 

of this vibrator generating subthreshold vibrotactile noise at the wrist resulted in improved 

index finger sensation (Figure 3). The improvement in the index finger sensation is shown as 

a decrease in sensory threshold on the index finger pad.

Conclusion

The developed vibrotactile system drives a 12 mm diameter piezoelectric vibrator that can 

be safely used inside the MR room. The amplifier can amplify the MP3 noise signal to a 

satisfactory level for the subject in the MRI room, and doesn’t interact with the MRI 

machine nor distort the MRI scans. The vibrator function does not appear to be affected by 

the MRI, either. Using the developed vibrotactile system, we were also able to replicate the 

previous finding of improved fingertip tactile sensation by applying vibrotactile noise to the 

wrist in five healthy adults. We are currently using the vibrotactile system in MRI 

investigations with healthy adults as well as stroke patients, without safety or technical 

issues. This vibrotactile system can be used for many other applications to apply vibrotactile 

stimulus to human skin or other systems during MRI scans.
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Figure 1. 
Example of stochastic resonance. (a) When the sensory signal and noise are low and do not 

exceed the sensory threshold, the system perceives nothing. (b) When an optimal amount of 

noise is added to the signal, the signal and noise exceed the sensory threshold whenever the 

signal reaches its peak, thus assisting the system to perceive the signal. (c) When high noise 

is added to the signal, the sensory threshold crossings occur most of the time irrespective of 

the signal shape, thus hindering the system from perceiving the signal.
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Figure 2. 
The flyback converter voltage v boosts battery voltage Vbatt = 18 V, yielding VCC = +40 V 

(Erickson and Maksimovic 2004)

R1 = 5 Ω, R2 = 5.7 kΩ, C3 = 1 nF, R3 = 5 Ω, R4 = 0.05 Ω, R5 = 100 kΩ, R7 = 30 Ω, R8 = 

10 kΩ, C7 = 1 nF, VCC = 2.5 V*(R9 + R10)/R9, R10 = 1.5 MΩ, R9 = 100 kΩ for VCC = 40 

V, C1 = 47 μF, C2 = 0.1 μF. C6 = 47 μF, D1 = BZW50–100B, Q1 = MOS-FET K2256. 

Vbatt= 18 V, VCC is 40 V.
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Figure 3. 
Demonstration of fingertip tactile sensory enhancement using the remote vibrotactile noise 

applied using the developed device. Consistent with Enders et al (2013), all five subjects’ 

fingertip sensation improved with noise applied to the wrist using the developed device. 

Improved sensation was indicated by the decreased sensory threshold (minimum level of 

tactile stimulus needed for the subject to perceive the stimulus, expressed in % stimulus 

intensity).
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