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Abstract

Neuromodulation uses the mechanism of brain plasticity to modify and recruit new neural connections to compensate for loss of motor or sensory function with other areas of the brain. One way to catalyze the formation of new connections is through electrotactile stimulation. Stimulation of the tongue in this manner has shown promising rehabilitative results for patients with balance disorders; however, not all patients are able to hold a tongue stimulator in its proper position. A face mask design that stimulates the same neural bed is requested, and we designed three masks to meet this need.   The first involves a Lycra ski mask to flex with any face while the second uses the rigid properties of plaster to custom fit each patient.  The final design utilizes flexible silicone custom molded to the face.  While these options all have the potential to work, upon evaluation, we determined our best design to be the silicone face mold. Future work includes increasing coverage area of the mask, creating an attachment for the mask to the face, selecting the best electrodes, and testing for repeatable stimulation thresholds.

Background

            Experimentation with electricity’s effect on the nervous system has been occurring since the days of ancient Rome. It had not been considered until the late 20th century that electrical stimulation may hold a more rehabilitative function for humans (Gildenberg, 2006).  Neuromodulation (using tactile stimulation to regulate the brain's electrochemical environment) is the main therapy used in this rehabilitation (TCNL, 2009; National Pain Foundation, 2009). Neuromodulation occurs naturally in the brain and is enhanced by such things as psychoactive drugs and stress, but it can be regulated through electrotactile stimulation (TCNL, 2009). Neuromodulation works through the concept of brain plasticity, which is a neural quality that can be utilized by clinicians and researchers to fill “gaps” in the nervous system and reroute the nerves to form new, stronger connections when other nerves have been damaged in that area (Doidge 2007).  Early work from those such as Benjamin Franklin investigating the effects of muscle contractions following electrical shock or Fritsch and Hitzig demonstrating limp movement from stimulating the motor cortex of a dog aided in a better understanding of the nervous system’s connections.  This transitioned into preliminary studies of electrical stimulation utilizing transcutaneous electrical nerve stimulation (TENS) in the 20th century (Gildenberg, 2006).  Since external electrical stimulation, neuromodulation, and brain plasticity were connected through extensive research, researchers have extended these concepts to the therapeutic enhancement of lost sensory function.

Electrotactile Stimulation

           Individuals who lose the function of a sense have few options to retain that function due to limited knowledge of sensory rehabilitation currently. However, one option to improve the lives of these individuals is a sensory substitution system, for which current research is cutting edge. Alternative sensory channels that have been used include the eye, ear, tongue, and skin. Electrotactile stimulation is the stimulation of the skin with electrical current. Kaczmarek et. al conducted extensive studies involving the use of electrotactile stimulation to facilitate sensory substitution (1991). Investigators believe that an electric current passing through the skin directly stimulates afferent nerve fibers or receptors.  Subjects describe electrotactile sensations qualitatively as a range from a tingle or vibration to a burning pain, depending on the properties and contact of the electrode and the pulses it delivers (Kaczmarek, 1991). 

Current Rehabilitative Techniques
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        Previous attempts to improve lost functions in balance, vision, and hearing through sensory substitution have proved successful, but perhaps the most success has been found through stimulation of the tongue to improve balance in individuals with vestibular problems. During previously conducted research sessions, subjects place the end of a flat, flexible, 3 cm wide strip of plastic cable into the mouth (Figure 1). This plastic cable is made of a thin (100 μm) strip of polyester material (Mylar®) and is placed 5 cm into the mouth so that it contacts the upper surface of the tongue.  The strip, held in place by the lips, allows for the deliverance of an electrotactile stimulus via a 12x12 rectangular array of gold-plated copper, circular electrodes (1.5 mm in diameter) created by a photolithographic process similar to that used to make printed circuit boards. Each electrode in the device is stimulated with a current, with the other electrodes returning the current. Random patterns of electrode stimulation applied to the tongue, thought to invoke the concept of brain plasticity, allowed individuals to “re-learn” balance therapeutically, eventually resulting in rehabilitation such that stimulation was no longer needed.  After observing promising results in patients (exemplified by the continued demonstration of improved balance even after the removal of the device), the client wishes to explore other regions where electrostimulation might see application (Kaczmarek, 1991). 
Trigeminal Nerve
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       The trigeminal facial nerve is stimulated through the tongue stimulator (Figure 2). It is composed of three large sections: the ophthalmic (sensory), maxillary (sensory) and mandibular (motor and sensory) branches.  It functions both as the chief nerve of sensation for the face and the motor nerve controlling the muscles of mastication.  Problems with the sensory part of this nerve result in pain or loss of sensation in the face, while problems with the motor root result in deviation of the jaw toward the affected side and trouble chewing.  The ophthalmic nerve serves the skin on the upper eyelid, forehead and the scalp above the eyes up to the vertex of the head.  The maxillary nerve serves the upper lip, lateral surfaces of the nose, lower eyelid and conjunctiva, the skin on the cheek, and the side of the head behind the eye.  The mandibular nerve services skin over the lateral and anterior surfaces of the mandible and the lower lip (Trigeminal Nerve, 2009).  The client believes that previous work and therapy executed with the tongue stimulator affects the mandibular branch of the trigeminal nerve; because of the anatomical position of this nerve, our product may also directly stimulate it via branches that come close to the surface of the skin of the face.

 Problem Statement

 Neuromodulation resulting from electrotactile stimulation can be used in rehabilitative therapy for treatments of neurological disorders such as Multiple Sclerosis, Vestibular dysfunction, and Parkinson’s disease. Stimulation of the tongue in conjunction with difficult physical tasks has shown promising results in reversing the negative effects of the disorders through the use of brain plasticity. The tongue stimulator is not acceptable for use by all patients and so other stimulation options, such as the face, are being explored. A prototype that is cost effective, safe, and electrically consistent is needed to test the possibility for success with facial neuromodulation therapies. If stimulation of the face proves successful, then the treatment application base will be broadened to patients who are unable to hold a device in place by themselves, which will illuminate the usefulness of our design.

Design Considerations

Qualitative requirements such as good mechanical contact, cost efficiency, patient safety and ease of use were the first factors listed as important by our client.  The final design must retain its performance for several hours at a time, while safely maintaining electrode connections in a compact manner.  During use, the product would need to be able to withstand human perspiration while maintaining its comfortable conformation to its moving subject.  The final design should cover the entire face of a human (excluding the eyes, mouth and nostrils). Additionally, the weight of the final product should not exceed 0.23 kg.  The materials need to be both compatible with the human skin and interface well with the electrical components.  Currents applied by the electrodes should be less than 10 mA.  Mass-production cost should be around $30,000, while the target prototype cost was set at $3,000 (Appendix A). The most important requirements, however, are the good mechanical contact and the patient safety.  Electrode placement will also be critical for consideration in our final design, so preliminary data was obtained to determine the mechanoreceptor density on the face using a two-point test. 

Mechanoreceptor Density of the Face


In order to effectively place our electrodes in areas of highest sensitivity, a series of fifty two-point tests were done to determine which areas of the face contain the highest mechanoreceptor density (Figure 3). Among the many different inputs humans receive such as light, chemicals, and temperature, mechanoreceptors are the receptors that are sensitive to tactile stimulation. The testable region was only on one side of the face as it was assumed the other side would mirror the results. The test was done bye increasing the distance between the two fine tip points in 5 mm intervals and applying only one point at times to control for false positives. The majority of the face contained the minimum mechanoreceptor density around 1.5 mm. Areas surrounding the mouth and the bridge of the nose were most sensitive with a range of densities from 0.5 - 1.0 mm. The forehead area was less dense (1.5 -2.0 mm), and it gradually became the least dense around the cheek area (2.5 mm - 3.0 mm).


From these results, it is clear that the mustache area of the face should not be left out as it had been previously considered due to possible contact problems as it is a rather dynamic part of the face. This was taken into consideration along with the client requirements in the following three designs. 

Ski Mask with Embedded Screw Electrodes

This design incorporates a flexible, purchasable ski mask embedded with screw electrodes (Figure 4). The ski mask will be made out of an Under Armour material (a combination of Lycra, polyester and elastin complex). This thin yet strong material has been designed to be comfortable and remove moisture under hot conditions and thus, for the patient, it will not be uncomfortable and will wick away excess sweat as it builds up from physical activity. Another added benefit of this design is that we would not have to take the time to create a new mask every time we want to update our design or experiment with it, which lends itself well for mass-production.


However, because of the large degree of flexibility the mask offers, keeping the electrodes in place may be difficult. If the electrodes are not held in place firmly, the electrodes may not have good mechanical contact with the face, which could result in patient discomfort due to concentrating of the electrical stimulation on a small area. There is also the problem of washing the mask after use. Because the patient’s sweat would be spread into the material, the entire mask would need to be washed, not just the side in contact with the face. Therefore, washing might be arduous because the screws that are connected to the wires via a silver conductive epoxy cannot be removed without damaging the mask. Perhaps the most important limitation of this design, however, centers on the non-uniform facial contact the mask would provide. Because of the way it is designed, the convex areas of the face will experience much greater contact and pressure compared to the concave areas. Some areas such as the base of the nose may experience no contact. Other areas of the face with high mechanoreceptor density may therefore be difficult to stimulate. 

Rigid Mask with Custom Electrodes

The rigid mask with custom electrodes design incorporates a plaster gauze mask with an electrode array that is similar to printer cable (Figure 5). An advantage of this design is that the electrodes, along with the wiring, are embedded in a plastic medium thus making it extremely lightweight and compact. There are also no protruding screws compared to the other two designs that may both pose a safety hazard and make the mask cumbersome. Because the mask is rigid, the electrode array would also have stable anchor points to the mask. 


Despite the mask’s light and compact design, it has some limitations. Due to this project’s uniqueness, it will be highly unlikely to find an electrode array pre-made to fit our mask and therefore the array must be custom made. Our client informed us that the array for his tongue stimulator (which required a similar setup) was very expensive, costing over a thousand dollars. This expensive electronic array will most certainly be accompanied by a long wait period for the part to be fashioned and delivered. The plastic that the electrode array is housed in will also be semi-rigid and therefore might have trouble bending in more than one direction. This characteristic makes it difficult to conform fully to a patient's face and also would be uncomfortable to wear. Therefore, mechanical contact might be an issue.

Silicone Face Mold


This design incorporates a semi-elastic material, silicone, which is sufficiently rigid to hold electrodes in the mask while adequately flexible to conform to the face even when facial expressions change slightly (Figure 6). Two plaster gauze masks are formed perfectly to the patient’s face. The masks fit inside each other so that silicone medium can be poured between them and allowed to harden. Once dry, holes are drilled into the mask and stainless steel (1.905 mm diameter, 9.525 mm length) u-drive screws are inserted so the uniform hemispherical head faces the inside of the mask. Electrode placement will be determined by the results of the two-point test in addition to taking our client’s opinion into consideration. Stranded wires in the form of ribbon cable are individually attached to each screw by first applying a layer of flexible silver-filled conductive epoxy and wrapping the wire around the screw. The ribbon cable is already custom fit to interface with Dr. Kurt Kaczmarek’s custom-made Tongue Display Unit. 


An advantage to this design is that the mask is well suited for good mechanical contact in the electrode-skin interface. Since it is poured to custom fit the patient’s face while still maintaining some degree of flexibility, the entire electrode head should always be touching the face wherever it is placed. The fear of the electrode coming out of contact with the skin or turning on its side and concentrating the current density on an edge, potentially causing harm to the patient, is minimal due to the sturdy electrode installation. The silicone material is works well for the screw electrodes we will use. It creates a tension on the circumference of the screw itself, holding it in place without the need for an external mechanism or glue. Also, the impermeability of the material will trap the heat radiating from the patient’s face causing perspiration to form between the mask and face. This quality is advantageous for our design because sweat is a good electrolyte that will carry the current from the electrode to the skin without the need for external electrical gel. Finally, the device can be easily cleaned by simply wiping the inside of the mask, and the use of stainless steel electrodes eliminates the fear of corrosion or other undesirable reactions with the skin occurring. 


There are only a few setbacks to this design. The first deals with mass-production. Because the mask needs to be custom fit for every patient in order to guarantee good mechanical contact, production costs and time would greatly increase. Another concern is the cumbersome nature of the electrode installation. The wires attached to the screws, while working well for our experimental situation to test different areas of the face, would likely not be accepted for the final product. Our final design would integrate a solution that stabilizes the connections between the electrodes and wires as well as incorporates the stray hanging wires into the mask itself. Finally, this design may be slightly uncomfortable for the patient due to increased perspiration; however, as discussed earlier, this perspiration is a necessary and planned part of the design. 

Design Evaluation


The third design—the silicone face mold—seemed to qualitatively fit the client’s requirements best from the beginning of the design process. Therefore, we felt that a design matrix was not necessary. If we had made a design matrix, the requirements we would have included would be:

· Good mechanical contact for electrodes while fitting all contours of face

· Cover entire face

· Safe materials

· Easily removable

· Easy to clean

· Cost efficient prototype

As discussed earlier, the silicone design provides the best interface for good mechanical contact because it is custom fit to all contours of the face, unlike the Lycra mask design which concentrates more pressure on some areas of the face, and has some degree of flexibility to allow movement, unlike the rigid face mask. The entire face coverage as well as safe material preparation are both present in all designs, which doesn’t allow us to distinguish options based on these qualities. Both the rigid mask and silicone mask are significantly easier to remove than the ski mask design because they only need to be removed from the face and not the entire head. The silicone face mask is the easiest to wipe clean whether or not we decide to use electrode gel because the material is waterproof, unlike the Lycra mask where the gel will absorb into the material, or the rigid mask which may even deform when exposed to moisture. Finally, the cost of the silicone face mask is likely in between that of the inexpensive ski mask design and more expensive rigid mask. The electrodes and wires used in the ski mask and silicone designs are the same cost; however, the Under Armour material is less expensive than purchasing the silicone and pouring a mask. The rigid mask’s cost is high due to the need to purchase custom made microelectrode arrays, similar to that of printer cable, which are much more expensive than the screw electrodes. Though we understand cost is certainly of concern to this project, we still chose the silicone face mask design because it has a moderate cost while more effectively solving the problem at hand. 
Preliminary Testing 

    After choosing to proceed with the silicone face mask design, we made a silicone face mask to fit a generic face (Figure 6). While we intended this face mask to cover the entire face, the lower part of the face was not covered due to problems with construction; however, we intend to fix this problem in future silicone face masks. After making this initial prototype, we performed a few tests to determine how well the prototype could function for the desired purpose. First of all, it was important to show that the resistance introduced by the connection of the wires to the electrodes (u-drive screws) with silver conductive epoxy would not interfere with the electrical stimulation of the skin. In order to test this quality of connection, we used an ohmmeter to quantify the resistance between the end of the wire and the head of the electrode. We tested several electrodes which exhibited a range between 1-5 Ω. This small measured resistance is an acceptable result for our connections because the value is relatively insignificant when added to the resistance presented by the electrode-skin interface, approximately 10 kΩ. 
    Next, we performed a similar test to assess the mechanical contact of our connections. This test was performed as previously discussed by measuring the resistance from the end of the wire to the head of the electrode but this time the wire was wiggled during the measurement to simulate patient movement. This movement of the wire resulted in approximately a 2 Ω fluctuation in the resistance measurements, suggesting some mechanical contact deficiencies in our connections. However, compared to the 10 kΩ electrode-skin interface resistance we expect, this amount should not have a noticeable effect on the function of our prototype.  
    We also performed qualitative physical tests (under the constant supervision of our client, who has a great deal of experience with electrical safety), in which we attached the electrodes through stranded wire to a previously designed Tongue Display Unit connected to a transconductance amplifier (Figure 7). The Tongue Display Unit is responsible for sending out the signal to each of the electrodes individually. As each of the electrodes is stimulated, the other electrodes carry a small fraction of the current back, serving as a virtual ground. Therefore, this setup does not require us to design a physical ground. The transconductance amplifier converts the voltage sent from the Tongue Display Unit to a current, so that the signal sent to the prototype is current-controlled, an important safety factor. The first qualitative physical test we performed was to place a moistened hand on the heads of the electrodes in the inside of the mask while having the subject control the amount of stimulating current. Three different subjects confirmed the ability to feel stimulation of the hand with this setup. The amount of stimulating current that needed to be sent to the subject before the stimulation was felt varied between subjects, which is expected due to differences in skin resistance. No subject reported uncomfortable sensations at the lowest threshold for stimulation with this test.
    After success with stimulating the hands of three subjects, we next tested the initial prototype on the face—its intended function. For this test, the subjects first wet their faces with a water sponge, then held the mask onto the face. Again, the subject was able to control the amount of electrical stimulation sent through the mask. Results of this test were similar to those with the hand in that all subjects were able to feel the stimulation. However, because the contact was not perfect between the mask and the face (due to this prototype being a generic mask), some uncomfortable sensations from a few of the electrodes were noticed by the subjects. Therefore, we were made aware of the importance of good mechanical contact between the mask electrodes and the face. 
    Overall, these tests confirmed that we were able to send electrical stimulation to the skin with our device and gave us some direction for the future of the project.

Future Works

    After preliminary success with the testing of our initial prototype, we still recognize many areas in which we can improve our prototype before the end of the semester. First of all, we would like our face mask to cover much more area than the initial prototype. This additional area will ideally cover the lower parts of the face and parts of the neck in addition to those already covered by our initial prototype. Areas that we will focus on will be those indicated as dense with neurons by the two-point test (Figure 3). In addition to covering more area with the mask, we will also attempt to place more electrodes in areas of the face that are more sensitive so that we can provide maximal stimulation. However, while much of this work will be based on our two-point test data, the literature lacks information on the best places for electrodes for facial neuromodulation. Therefore, much of this work will be subject to change as our client tests our device. It is also possible that some electrode arrangements might be more effective for some treatments than others, which will need to be tested by experiments in the future. 
    In addition to covering more of the face and placing the electrodes differently, we will also create a stable attachment to secure the mask to the face (Figure 8). For this, we intend to sew elastic bands into the silicone. Preliminary sewing attempts suggest that the silicone will be strong enough to sew the elastic in and not rip as the subject stretches the straps over his or her head. After sewing in the straps, testing will be required to ensure the electrodes are still maintaining good mechanical contact with the skin. If the mechanical contact is not sufficient, we will need to redesign the placement of the straps and determine a better way to ensure good mechanical contact.
    In order to address the slight mechanical contact deficiency that we saw in our resistance testing, we will be applying the silver conductive epoxy differently in our next prototype. For the initial prototype, we wrapped the wire around the electrode prior to spreading on the conductive epoxy. Next time we intend to place the conductive epoxy on the wire prior to wrapping the wire around the electrode. 
    Another issue we would like to address before the end of the semester is selecting the best electrode. We would like to try testing electrodes with larger and flatter heads (to see the effects of the surface area in contact with the skin). In order to determine which kind of electrode works the best for our design, we will be first performing similar qualitative tests as previously discussed. An expected result of these tests would be less discomfort felt at the threshold stimulation (the minimum amount of stimulation required for the subject to feel stimulation). Therefore, we will be able to assess the different sizes and shapes of electrodes on the basis of subject comfort during stimulation (particularly during the minimum stimulation necessary for the subject to feel the stimulation).
Final Testing

    
After we finish all of the above work and have constructed our final prototype, we intend to test it both qualitatively and quantitatively by using stimulation threshold reproducibility testing. In this testing, we would have the subject put on the mask and turn up the current until he or she can just feel stimulation (to the threshold stimulation). This procedure would be repeated three times, taking off the mask and putting it back on each time. Acceptable results indicating a successful design would be a repeatable threshold stimulation (which is given as a percentage of the voltage output by the Tongue Display Unit) in each trial within that subject. This testing would be executed on multiple subjects. We hope to achieve reproducibility within 10% difference in threshold stimulation with each trial within each subject.
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Appendix A: Product Design Specifications

Function:  
Neuromodulation resulting from electrotactile stimulation can be used in rehabilitative therapy for treatments of neurological disorders such as Multiple Sclerosis, Vestibular dysfunction, and Parkinson’s disease. Stimulation of the tongue in conjunction with difficult physical tasks has shown promising results in reversing the negative effects of the disorders through the use of brain plasticity. The tongue stimulator is not acceptable for use by all patients and so other stimulation options, such as the face, are being explored. A prototype that is cost effective, safe, and electrically consistent is needed to test the possibility for success with facial neuromodulation therapies. If stimulation of the face proves successful, then the treatment application base will be broadened to patients who are unable to hold a device in place by themselves, which will illuminate the usefulness of our design.

Client Requirements:

· Good skin contact/ fit contours of face

· Cover entire face

· Easily removable

· Safe materials

· Cost efficient

· Easy to clean

Design Requirements:

1) Physical and Operational Characteristics

a) Performance requirements – Must retain performance for several hours at a time.

b) Safety – Must contain electrode connections safely and compactly.

c) Accuracy and Reliability – Current applied must be less than 10 mA. 

d) Life in Service – Must be usable for at least one year-or until rehabilitation is complete

e) Shelf Life – Store in cool, dry environment. 
f) Operating Environment – Materials must be able to withstand human perspiration. Should induce a moderate amount of perspiration on subject’s face to ensure conductivity.

g) Ergonomics – Should comfortably conform to face ensuring good mechanical contact and limited sensory obstructions. Must remain attached to face even with movement

h) Size – Must cover entire face excluding eyes, mouth and nostrils

i) Weight – Weight applied to face should be less than ½ pound

j) Materials – Must be a biologically and electrically compatible substrate that is flexible. Electrode material must be grounded. Electrodes must be stainless steel, gold, silver, or platinum. 

k) Electrodes- Must be larger than 0.127’’, possibly closer or greater than  .25’’ Must have head that has smooth, uninterrupted surface of metal (avoid such things as grooves). 

2) Production Characteristics

a) Quantity – One, but should be designed with the intent of individualized production

b) Target Product Cost – Under $30,000

c) Target Prototype Cost- Under $3,000

3) Miscellaneous

a) Standards and Specifications – Should allow electrical stimulation of the face

b) Customer – Researchers and clinicians working with patients affected by neurological disorders

· Competition –Current forehead neuromodulation exists, but application is for vision replacement. Tongue stimulation model exists.
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Face Neuromodulation Stimulator





Figure 8: This possible strap design incorporates a reinforced material (blue) as an attachment point to the straps and will be attached to the mask at the red points. The pink color represents optional attachment points for stability.
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Figure 4: The ski mask design involves buying a pre-made ski mask made of Under Armour and inserting u-drive screw electrodes in place of the silver circles depicted on the mask (http://www.underarmour.com/


shop/us/en/mens/accessories/headwear/cold-weather/pid8000022-ColdGear-Hood/8000022-410.).





Figure 1: Subject using tongue stimulator (Kaczmarek et. al 1991).





Figure 5:  The rigid mask design involves making a plaster gauze face mask custom-molded to the individual's face. The electrodes would be custom electrode arrays as shown here. 


Source: http://www.digitaladdis.com/sk/3D_CarbonElectrode_Array.JPG











Figure 3: The results of the two-point discrimination test are shown here, with the density of mechanoreceptors indicated by color. The results indicate the highest mechanoreceptor density on the face lies on the tip of the nose and near the mouth.





Figure 2: The trigeminal nerve covers the face shown here as the green, red, and yellow areas (Britannica 2009).





Figure 7: The setup used to test the ability of the initial prototype to apply electrical stimulation to the face. The Tongue Display Unit is the gray box on the bottom right, and the transconductance amplifier is the black box on the bottom. The wires are connected to the Tongue Display Unit, which is connected to the transconductance amplifier. The subject is shown holding the initial prototype to his face, while the free hand was used to change the intensity of the stimulus.





Figure 6: The silicone face mask design involves making a mold out of silicone, specific to an individual's face. The electrodes are u-drive screws connected to wires with silver conductive epoxy.�








