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ABSTRACT

Vagus Nerve Stimulation (VNS) is a therapy providing
electrical stimulation directly to the vagus nerve via surgical
implantation, and is currently FDA approved for the treatment
of drug resistant epilepsy and depression. Transcutaneous
Vagus Nerve Stimulation (taVNS) has recently been explored
through electrical and vibrotactile stimulation via the cymba
conchae region of the ear. taVNS is still in early testing, and is
showing promise as a non-invasive alternative for VNS.
However, published research has shown limitations in
stimulation devices and the specific sites, frequency and
intensity of taVNS treatments. In this paper, a new device for
vibrotactile stimulation of the cymba conchae is presented
covering a range of vibration frequencies and intensities. This
is the first iteration in a series of iterative prototypes of
additively manufactured wearable devices with proof of concept
electronics to realize this type of vibration therapy.
Functionality tests of this device such as battery performance
and variability of signal intensity were explored, coupled with
user assessments of comfort. Initial findings have provided
critical feedback for shaping the next iteration of this device,
which will be designed for use in clinical evaluations of
vibration therapy of the cymba conchae.

Keywords: Vagus Nerve Stimulation, Transcutaneous
Vagus Nerve Stimulation, taVNS, Additive Manufacturing, 3D
Printing, Wearable Medical Device.

1. INTRODUCTION
Electrical stimulation of the vagus nerve has been studied

since the 1990’s for its treatment benefits for a number of
diseases, and is currently FDA approved for the treatment of
drug resistant epilepsy and depression [1]. This type of vagus
nerve stimulation has traditionally been performed via surgical

placement of electrodes. However, electrical stimulation of the
cymba conchae area of the external ear, Transcutaneous Vagus
Nerve Stimulation (taVNS), has been investigated for its
capacity to activate the cholinergic anti-inflammatory pathway
and generate a similar response [2]. Furthermore, external
electrical stimulation of the region has offered promising results
for the treatment of migraines [3], epilepsy [4], atrial
fibrillation [5], and depression [6]. In one study, a pen shaped
hand held device using vibrotactile stimulation demonstrated a
reduction in inflammation and the severity of rheumatoid
arthritis [7].

Our group is investigating the efficacy of electrical
stimulation in the context of reducing clinically relevant
inflammation markers in neurosurgical patients. Our colleagues'
initial and unpublished results demonstrate a significant
reduction of these inflammation signals with electrical taVNS
treatment. Unfortunately electrical taVNS can have challenges
with electrode placement and connectivity due to the natural
variability of ear geometry and wax buildup. Furthermore, there
are plans to use taVNS in conjunction with a brain computer
interface (BCI). The resultant EEG noise that occurs with
electrical taVNS stimulation makes the signal difficult or
impossible to accurately measure for a BCI application.

The focus of this paper is the development of a wearable
vibrotactile device for the ear, hypothesized to offer a similar
reduction in inflammatory response. Both the comfort of the
device and effectiveness of the treatment are hypothesized to be
dependent upon the intensity and frequency of the vibration.
The overall project goal is to generate an effective, reliable and
comfortable device to deliver variable vibrotactile stimulation
to the cymba conchae region of the left ear for use in numerous
applications, including neurosurgical recovery. In this paper, we
take a first step toward realizing this goal by generating an
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initial prototype of an additively manufactured wearable device
from which benchtop performance tests were conducted.

2. MATERIALS AND METHODS
The development method used for this device was rapid

design, fabrication and testing of the first in a series of low cost
iterative prototypes. This prototype was meant to test specific
design, fit, and performance questions including comfort,
battery performance, ideal vibration intensity, and accuracy of
vibration probe location on the ear. The initial device
requirements are for comfortable wearability and ability to
provide reliable vibrotactile stimulation at the cymba conchae
for at least 20 minutes, 2 times per day. This frequency and
duration is based on an ongoing study of electrical taVNS
stimulation used for anti-inflammation effect on subarachnoid
hemorrhage patients. The device should also have the ability to
comfortably and securely fit on varying ear sizes and provide
the clinician or user with the ability to control the vibration
characteristics.

2.1 Additively Manufactured Structures
The prototype for benchtop testing is shown in Figure 1. It

was designed to offer generous space to sit around an average
ear, administer adjustable depth and pressure via a threaded
probe mount and deliver variable vibratory frequencies as
described in Section 2.2. The prototype was additively
manufactured via high resolution stereolithography (SLA),
printed in Clear resin with a 50 micron layer height on a
FormLabs Form3B printer.

FIGURE 1: A) PRINTED DEVICE WITH ELASTIC HEADBAND
AND VIBROTACTOR. B) DEVICE IN USE. C) CAD MODEL.

All printed parts were modeled in OnShape and received
post processing including a 20 minute isopropyl alcohol wash
in a FromLabs Form Wash, manual support structure removal,
and a UV oven bake at 60°C for 60 minutes in a FormLabs
Form Cure. To finish the assembly, an elastic band was attached
with a single rivet on one side, and an adjustable ladder lock
slider on the other. After threading the two printed parts

together, the vibrotactor was adhered to the end of the threaded
rod with cyanoacrylate glue. The overarching idea behind this
design is that the device is secured to the user’s head via the
elastic band, and that the vibrotactor can be fit and secured
within the cymba conchae by adjusting the probe mount, as
shown in Figure 1B, providing a degree of freedom for
individual variances.

2.2 Electronics
The initial prototype circuit consisted of two 1.5V batteries

(Duracell, AAA 16) in series with a switch, 100Ω variable
potentiometer, and a 10mm diameter eccentric rotating mass
(ERM) vibration motor (DigiKey, 1597-1244-ND). The circuit
can be seen in Figure 2.

FIGURE 2: VERSION 1 CIRCUIT DIAGRAM

The intensity and frequency of the vibration motor was
dependent on its supplied voltage. The variable potentiometer
was chosen to allow the user to adjust the supplied voltage
using a control knob that is separate from the main device, and
thus control the vibration intensity and frequency. The
magnitude of the 100Ω maximum resistance was chosen to
allow a wide range of vibration intensity and frequency for the
user. At the potentiometer’s max resistance (100Ω), the
vibration motor was predicted to be supplied 1.29V. With
minimum (0Ω) resistance, the motor was predicted to be
supplied 3V which would result in the manufacturer specified
vibration intensity of 10,000 rpm [8]. Equation 1 below shows
the modeled relationship that estimates the resulting voltage
across the vibration motor (Vmotor) as a function of the resistance
of the potentiometer (Rpot). The 75 constant is a result ofΩ
modeling the vibration motor as a simple resistor and using its
maximum predicted terminal resistance [8]. The relationship
this equation models will enable the intensity and frequency of
vibration to be predicted based on a user set resistance via the
potentiometer. This would allow a user or a researcher to
manually set a vibration setting while calculating the vibration
intensity and frequency of that setting without additional
measurements or calibration. This will be useful when
identifying the most comfortable and effective vibration
intensity and frequencies during future user testing as vibration
settings will be changed often, and will be especially important
if electrical components like the vibration motor are changed.

(1) 𝑉𝑚𝑜𝑡𝑜𝑟 = 3𝑉( 75Ω
𝑅𝑝𝑜𝑡+75Ω )

3. RESULTS AND DISCUSSION
User and electronics testing were performed to uncover

critical design parameters that would inform the next iteration
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of the device. The user testing was conducted to assess initial
comfort of the device and the vibrotactile feedback provided,
while the electronics tests were meant to validate component
selection and improve predictive models.

3.1 Electronics Testing
The objective of the first benchtop test was to validate the

selection of the 100Ω potentiometer as the most efficient
potementiometer magnitude that allowed for a sufficient range
of supplied voltage to the vibration motor. This test was also
used to empirically validate or redetermine the constant
assumed to be 75Ω in Equation 1 and validate the equation
itself. The goal regarding potentiometer selection was to allow
precision in controlling the supplied voltage to the vibration
motor, while preventing the voltage from being reduced too far
past the point of unnoticeable vibration.

To do this, a test was performed using the circuit shown in
Figure 2, except the two batteries were replaced with a
benchtop DC power supply providing a constant 3V for
consistency. The resistance of the potentiometer varied between
test cases. This resistance, resulting circuit current, and voltage
being supplied to the vibration motor were measured using a
benchtop multimeter. The results of the test are shown in Table
1 with the third column listing voltage supplied to the motor
ranging from about 3V to 1V. Since the vibration of the motor
is unnoticeable at and below a supplied voltage of about 1.1V, a
larger magnitude potentiometer would have resulted in a
portion of its resistance values to induce insignificant vibration.
The test showed that the 100Ω potentiometer allows for all
possible desired vibration intensities and frequencies to be
achieved with a very small portion of its possible resistance
values being obsolete and thus its selection is validated for this
application.

Measured
Resistance of
Potentiometer (Ω)

Measured
Current of
circuit (A)

Measured Voltage
of Vibration
Motor (V)

Calculated
Resistance of
Vibration Motor (Ω)

0.55 0.056 2.96 52.86

25.10 0.036 2.03 56.39

50.21 0.027 1.41 52.22

75.10 0.022 1.28 58.18

101.01 0.018 1.06 58.89

TABLE 1: ELECTRICAL MEASUREMENTS OF DEVICE WHEN
POWERED BY 3V DC POWER SUPPLY

Using Ohm’s Law and the measured current and voltage
supplied to the motor, the resistance of the vibration motor (if
modeled as a simple resistor) can be calculated for each test
case and the resulting values are shown in the fourth column of
Table 1. The fourth column of Table 1 was calculated using
Ohm's Law and the measured current and voltage supplied to
the vibration motor (columns 2 and 3) for each row. If the

motor is modeled as a simple resistor, we can refine our model
presented in equation 1, determining that the motor resistance is
in fact 55.71Ω. This improved model and technique may be
used in future iterations for characterizing the electronics
supporting the prototypes.

The objective of the second benchtop test was to validate
the use of AAA batteries and their battery life for the device,
with the goal of assessing the lifespan of a device should it be
used for 20 minute sessions, 2 times per day. This was
performed by continuously running the circuit shown in Figure
2 from battery power for a total of 3.5 hours and taking
incremental measurements of the voltage being supplied to the
motor. The results showed that after 3.5 hours of continuous
max power usage, the voltage followed a standard battery
voltage drop curve down to 2.67V or 86.7% of the initially
supplied voltage of 3.08V. Therefore, this power storage source
likely had much more than 3.5 hours of useful life if the device
ran at 2V as it was in the user study, and was controlled via
some type of voltage regulator.

3.2 User Testing
Five male and one female individual between the age of 20

and 35 informally trialed the prototype. This test was designed
to gauge the comfort of the device in it’s static and vibrating
state. Participants were first asked to sit comfortably in a quiet
testing room and were read an introduction to the project. They
were then asked for their consent to be photographed, wear the
device for 3 minutes total, and for the final minute with
vibration applied. After all consents were verbally given and
recorded, the researcher placed the device around the
participant’s head with the probe contacting the cymba conchae
of their left ear. Two minutes were timed with the static device
worn on the participant’s head, and then the vibration motor
was activated and powered at 2V for one minute (2V was
selected as a standard, moderate vibration setting since ideal
vibratory characteristics had yet to be identified). The
researcher then removed the device, asked the following
questions and recorded the results: 1) Do you have any
comments on the comfort and experience of this device without
vibration? 2) Do you have any comments on the comfort and
experience of this device with vibration? Feedback while the
device was static was that pressure on the ear was a gentle new
sensation, neither painful nor pleasant. Feedback on vibration
was mixed. One participant found the vibration relaxing, while
the rest of the participants described it as a strange or novel
sensation which was again neither painful nor pleasant.

Additionally, a 20 minute pilot test run with two male users
over the age of 30 was conducted. This test was geared toward
investigating self administration and comfort over a longer time
interval. Observations were received informally, and critical
feedback revolved around difficulty in accurately placing the
probe on one’s own ear, minor numb-like sensation after
removal of vibration, and discomfort associated with too much
pressure applied directly from the vibrating probe. It was also
noted that the headband approach, while convenient for
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securing the device, was bulky and difficult to secure in tandem
with the probe.

While these user tests were preliminary in nature, the key
findings were critical for informing the next design iterations,
which are already underway. Primarily, the next designs should
be mounted directly around the ear, for a more suitable form
factor and to avoid offering too many degrees of freedom for
adjustment. Also, the next design should avoid having the point
of contact for delivery of the vibrotactile feedback also be a
pressure point for securing the device. On a positive note, the
vibrotactile feedback was well tolerated and easily controlled
and powered, which was a highlight of this initial work.

4. CONCLUSION
This paper presents an initial prototype of a wearable,

vibrotactile stimulation device for the cymba conchae with
associated benchtop electronics tests that inform both structural
design and circuitry moving forward. Through the design,
fabrication and testing of this device, issues with comfort,
battery power and stable application of the vibration feedback
were identified. In the electronics, the knob-style voltage
control of the potentiometer was intuitive and easy to use,
however, a more stable voltage supply for the vibration motor
and direct testing of the quality of vibration is required to
validate the frequencies and amplitudes produced by a selected
voltage. Next iterations of the additively manufactured portion
of the device are underway, a new battery powered circuit with
the implementation of a voltage regulator is being designed,
and initial tests comparing the vibrotactile stimulation with
taVNS is anticipated. With recent research demonstrating
benefits of taVNS for a wide array of clinical applications, this
work sets the stage for numerous investigations into the
potential of vibrotactile-based stimulation of the vagus nerve
for in-hospital and at-home therapeutic use.
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