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ABSTRACT 
 

 Spinal cord injury results in life-long damage to sensory and motor functions. 

Recovery from these injuries is limited and often insufficient because the lack of 

stimulation from supraspinal systems results in further atrophy of the damaged neural 

pathways. Current studies have shown that repeated sensory activity obtained by applying 

stimulation enhances plasticity of neural circuits, and in turn increases the ability to create 

new pathways able to compensate for the damaged neurons. 

 Functional electrical stimulation has been proven to show success in this form 

of rehabilitation, but it has its limitations. Stimulating neural pathways with electricity 

results in also stimulating surrounding neurons and muscle tissue. This results in 

attenuation of the intended effect. The use of optogenetics mitigates this issue, but comes 

with its own complications. Optogenetics is a growing method of neural stimulation which 

utilizes genetic modification to create light activated ion channels in neurons to allow for 

activation or suppression of neural pathways.  In order to activate the neurons, light of the 

appropriate wavelength must be able to penetrate the nerves. Applying the light 

transcutaneously is insufficient, as the skin and muscle tissue attenuate the signal. The 

target nerve may also move relative to an external point on the body, creating further 

inconsistency. Specifically in the case of using a rat model, an external object will be 

immediately removed by the animal.  

 This thesis seeks to address this issue for a rat model by designing a nerve cuff 

capable of both optical and electrical stimulation. This device will be scaled to fit the sciatic 

nerve of a rat and allow for both optical activation and inhibition of the neural activity. It 
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will be wired such that each stimulus may be operated individually or in conjunction with 

each other. The simultaneous stimulation is required in order to validate the neural 

inhibition facet. The circuit itself will be validated through the use of an optical stimulation 

rig, using a photoreceptor in place of an EMG. The application of the cuff will be verified 

in a live naive rat.  

Aim 1: Design and build an implantable electrical stimulation nerve cuff for the 

sciatic nerve of rats. 

An electrical nerve cuff for the sciatic nerve of a rat will be designed and assembled 

such that it is able to reliably activate the H-reflex. For it to be used in a walking rat, the 

cuff must be compatible with a head mount in order to prevent the rat from being able to 

chew at the wiring or their exit point. The cuff will be controlled through a Matlab program 

that is able to output specified signals and compare these outputs directly with the resultant 

EMG inputs. 

Aim 2: Implement LEDs onto the cuff and perform validation experiments.  

Light delivery capability will be added to the cuff through the use of LEDs. The 

functionality of the cuff will be validated through tests on naive rats. If successful, only 

an electric stimulation will result in a muscle twitch. An optical stimulation should result 

in no twitches, which would then validate that no current is leaking from the nerve cuff, 

given that the rat does not express any light sensitive protein channels. Ultimately, with 

a rat expressing ChR2 opsins on the sciatic nerve, an activation of the nerve using a blue 

light of wavelength 470nm will result in activating an h-wave without an m-wave when 

optically stimulated. Similarly, using the nerve cuff with a rat expressing ArchT opsins 
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will result in suppressing the h-wave from an electric stimulation once the sciatic nerve 

is illuminated with green light of a wavelength of 520 nm. 
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CHAPTER 1: BACKGROUND 
 

Spinal cord injury can cause life-long neurological impairment in both motor and 

sensory function. As many as 400,000 patients with spinal cord injury are living in the 

United States. These patients often live to normal life expectancy, so treatment is crucial 

for improving their quality of life for its duration(1). A significant limitation for recovering 

from these injuries is that the loss of stimulation of these damaged pathways results in 

further atrophy of the neural pathways(2). In cases of partial injury recovery may occur 

due to the plasticity of the nervous system allowing for reorganization of propriospinal 

circuits. A key factor in recovery is the sensory activity entering through the dorsal roots. 

Plasticity is enhanced by activity dependent mechanisms such as weight supported 

treadmill trainings. These methods are only able to treat cases where the patient has some 

minor level of control of their limbs remaining(3). 

In the case of total loss of sensory and motor control, Functional Electrical Stimulation 

has been proven effective in regaining some functionality. FES is the application of 

electrical signals to targeted muscle groups in specific patterns to activate muscle and 

sensory neurons. Applying electrical signals to the damaged neural pathways allows for 

the damaged areas to be stimulated even when the patient is incapable of using their limbs 

at all, without assistance. A current study showed that prolonged use of this rehabilitation 

method was able to restore some level of functionality to the lower limbs (3).The difficulty 

with the use of FES is that, while the targeted motor neurons are activated, the electrical 

signals also stimulate the surrounding muscles. This results in unintended spasms and 
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attenuation of the desired output. Studies, specifically focused on the Hoffman’s reflex (H-

reflex) have shown the impact of this issue as well as various methodologies to address 

it(4-6). 

The H-reflex is a tendon jerk reflex, linked to gait patterns, analogous to a knee jerk.  

H-reflex tests are standard when comparing performance between subjects when studying 

excitability of the spinal cord. The standard H-reflex test is to apply square wave electrical 

pulses and measure the resultant EMG signals. When attempting to trigger this reflex by 

electrically stimulating the appropriate motor neurons, both the afferent and efferent 

pathways are stimulated. This results in a measured signal known as the M-wave as well 

as attenuation of the desired H-wave. The primary ways to address this M-wave are to 

directly counteract it with deconstructive interference of signals with the same frequency, 

or avoid the creation of the wave at all. To avoid the M-wave the H-reflex would have to 

be triggered by specifically activating the afferents of with a unidirectionally propagating 

action potential without any leakage of the stimulus into the surrounding nerves and tissue. 

This can be done with the use of DREADDs(Designer Receptors Exclusively Activated by 

Designer Drugs) or optogenetics(7). 

Optogenetics is the use of light activated proteins commonly found in algae, introduced 

to the targeted nerves by a viral transfection, to stimulate specific neurons. This 

methodology allows for the activation of targeted neurons without attenuating the signal 

by activating neurons in close proximity(8). The optogenetic proteins specifically in use 

for this research are Channelrhodopsin-2(Chr2) and ArcheorhodopsinT (ArchT). Chr2 is a 

directly light gaited cation-selective membrane channel that is activated by light with a 
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wavelength of approximately 470nm (blue light). The animals are transfected with DNA 

to produce these proteins with the use of Adeno-associated virus(AAV)(9). When applied 

to neurons, it results in the nerves being stimulated by exposure to blue light, and in effect, 

activation of the H-reflex. ArchT is a light-driven outward proton pump which activates in 

response to 520nm light (green). This results in suppression of the targeted neurons when 

green light is applied.(10)  
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CHAPTER 2: SIGNIFICANCE 
 

 The development of a nerve cuff that can apply both optical and electrical 

stimulation will allow for in vivo studies beyond the confirmation of the signal input and 

output. Should the device be able to be utilized while the rat is conscious and walking, it 

would allow for gait mechanics studies of the impact that proprioception has on locomotion 

by allowing for activation and suppression of the nerve 

on command.(8) The addition of a cuff fitted to the 

sciatic nerve of rats will also increase the consistency 

of the recorded data between trials, as opposed to the 

light being shown at some distance from the nerve or 

through the skin. An external cuff, barring the rat’s 

removing it themselves still suffers from attenuation 

of the light via the skin, as well as the skin moving 

relative to the sciatic nerve, causing the distance that 

the light travels before reaching the nerve to vary in a way that is difficult to control or 

account for(11). Being able to perform these experiments with a single implantable cuff 

also decreases the amount of rats needed for the study, as activation and suppression of the 

H-reflex can both be observed on the same set of animals if their nervous system has been 

transduced with both ChR2 and ArchT.  

Figure 1: Depiction of sciatic nerve of a 
rat(Neurosurgery Report) 
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CHAPTER 3: RESEARCH DESIGN AND METHODS 
 

Cuff Procedure 

In this study, two optical/electrical nerve cuffs were designed based on the 

methods described by Haugland and Song(12, 13). The cuffs were later tested and 

thoroughly compared in order to determine which nerve cuff would be more efficient in 

our future studies. Two different cuffs were developed for this project. One made of 

medical adhesive and the other of PDMS(Polydimethylsiloxate). The materials were 

chosen for their flexibility, translucency and biocompatibility.  

Electrodes 

The Electrodes in the cuffs were designed using the Haugland method. They 

consisted of platinum foil and cooner wire. Cooner wire was used for its flexibility and 

light weight, which minimizes disturbance to the animal when implanted. The platinum 

foil was cut into rectangles 2mm wide and 0.5mm less than the circumference of the 

mandrel, which in this case is 

1.5mm in diameter. The long 

edges of the foil were slit 

roughly 0.5mm in and 0.5-1mm 

apart in order to increase the 

likelihood of adhesion to the cuff 

material. In order to maintain flexibility of the electrodes flux was required to solder the A 

Figure 2:Electrode design and specifications(12) 



 

6 

 

631 cooner wire to the foil. The wire was cut to the desired length and 4mm of the Teflon 

coating was stripped off to minimize the chance of breaking inside of the completed cuff. 

The exposed wire was twisted together and coated in flux, then tinned with silver solder. 

Flux was also applied to the foil. The soldering iron heated to 400˚C and was lightly 

touched to the foil and wire briefly to attain contact without altering the flexibility of the 

foil. The electrodes were wrapped around the 1.5mm Teflon tubing acting as the mandrel. 

Teflon tubing was chosen to minimize adhesion to the cuff, allowing for easy removal 

without damaging the cuff. Previous iterations were attempted using a steel rod coated with 

several non-stick substances, Teflon, RainX and Polytek Pol-Ease Release Agent, which 

resulted in significant damage to the cuffs during the removal process. Silastic tubing, 1mm 

inner diameter x 2.15mm outer diameter, was sliced thinly to create an elastic band to hold 

the electrodes in place, approximately 4mm apart. 

Medical Adhesive 

The adhesive cuff was made using a method of dip coating. The adhesive was 

diluted using heptane with a 7:3 ratio of adhesive to heptane. The Teflon tube with the 

electrodes in place was dipped into the adhesive and allow to dry for an hour. The LED 

was pressed into the adhesive facing the tubing and centered between the electrodes, 

additional adhesive was applied to coat the LED and the adhesive was allowed to dry for 

an additional 4 hours. Once dry, aluminum foil was wrapped around the cuff to add a 

reflective surface in order to maximize the light exposure around the nerve, lining the seam 

up with the openings of the electrodes and another layer of adhesive was applied and 
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allowed to dry for 4 hours. Once dry, the adhesive was cut along the seam taking care not 

to damage the electrodes or foil. 

PDMS 

A mold was required to make the 

cuff out of PDMS. The mold was designed 

in SolidWorks based on specifications in 

the Song method with adjustments made 

for use on rats. Due to the tendency of the 

tubing being used as the mandrel to bend, 

an end cap needed to be implemented in 

the mold in order to ensure that the 

mandrel remained centered along the 

length of the cuff. The LED was attached 

to the Telfon tube using a series of silastic 

bands and was placed above the electrodes. 

Aluminum foil was cut to fit inside the 

mold and pressed against the inside of it for shaping. The foil was slit in the middle to allow 

for the electrode and LED wires to be fed through it. The tubing and components were put 

into the mold. Making sure that the seams of the electrode and foil are lined up. To prepare 

the PDMS, the Base and Curing agent were poured into a container in a 10:1 ratio by mass 

measured on a balance. The solution was mixed and placed in a desiccator vacuum chamber 

to remove air bubbles. Liquid PDMS was poured into the mold and then allowed to cure in 

Figure 3: SolidWorks rendering of mold used for casting PDMS cuff 
with positioning of cuff components 
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a 100˚C oven for approximately 35 minutes. Once cured, the PDMS was cut along the seam 

taking care not to damage the electrodes or foil. 

Testing 

Leakage testing 

A crucial element of the cuffs is that they are able to produce light without causing 

electrical stimulation to the nerve. This requires that the LED is well insulated. Before any 

further testing occurs, the cuffs underwent a quick test for any such electrical leakages. The 

cuff was hooked up to the BuckPuck, which is an LED driver that maintains constant 

current, and then submerged entirely in a 1% saline solution. When power is supplied to 

the Buckpuck via a 9V battery, the LED should not turn on if there is significant leakage. 

Minor leakages are still a possibility at this stage, but this acts as a quick check for the need 

of immediate adjustments. 

Impedance 

The impedance of the cuffs were tested using a MatLab app developed by Omid 

Magshoudi. The impedance must be tested in order to ensure that the quality of the data is 

reliable. The shapes of the curves should be consistent with each other and sufficiently low, 

such that EMG measurements can be made without significant interference. The electrodes 

of the cuffs were connected to the Digital Acquisition(DAQ) board in the configuration 

depicted in figure 4. The external resistance (Re) used was 10kΩ.  
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Figure 4: Circuit configuration for impedance testing. The green region represents both electrodes within the cuff 
submerged in the 1% saline solution 

The cuff was submerged in a 1% saline solution to simulate the intended 

environment of the body. When the app is running, the electrodes receive a 1V signal at 10 

frequencies from 1 to 10kHz and the resultant Impedances and Phases are recorded. A total 

of seven cuffs were tested, four with LEDs and three without. From these results shown in 

figures 5 and 6, it can be seen that the shapes of impedance and phase curves are consistent 

and that the impedances range by approximately 1kΩ, which is better than the expected 2-

5kΩ. The impedances are also all sufficiently below the desired threshold of 100kΩ(14). 
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Figure 5: Impedance magnitudes of cuffs measured at 
frequencies from 1 to 10kHz 

 

 

Figure 6: Impedance Phase measured at frequencies from 
1 to 10kHz 

 

 

LED testing 

The power of the light intensity produced by the LEDs, once incorporated into the 

cuffs, must be tested in order to determine if the cuffs are capable of producing at least the 

1mW/mm2, which is required to reach the sciatic nerve and produce a neural response. The 

lights were tested by shining the light on a photodetector connected to a ThorLabs Optical 

Power and Energy Meter Console. The green LED cuffs were tested at 520nm. The PDMS 

cuff was shown to produce 1070mW/mm2. The medical adhesive cuff containing a green 

LED was measured to produce 340mW/mm2. This significant difference indicates that the 

PDMS is less obstructive to the light emitted by the LED, but both values are more than 

sufficient for their intended purpose. Only one cuff was produced with a blue LED, this 

cuff was constructed with medical adhesive and was tested at 470nm. This cuff produced 

1570mW/mm2 which meets the minimum requirements. 
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The saturation points of the LEDs were also tested through the use of an optorig. 

The rig is operated through a MatLab interface and is set up such that a known signal 

pattern can be sent to the LED being applied and EMG signals may be measured 

simultaneously. The data point for the input signal and measured EMG are transposed to 

directly observe the impact at the points of stimulation. The rig, depicted in figure 7, 

consists of a BuckPuck, which is powered by a 9V battery, a National Instruments DAQ 

board, an LED, a THORLABS photoreceptor and several load resistors. The BuckPuck is 

an LED microcontroller that maintains a steady current draw to the LEDS, which prevents 

variation in the light intensity between trials. The DAQ board allows for the use of a 

MatLab interface to control the BuckPuck and process the input and output signals.  

Figure 7: Opto-rig circuit diagram 
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 The results of this test showed that the saturation point for both LED types was 

1V and that the LED was not dimmable, meaning it function only in a binary state. This 

is depicted in figures 8, 9, and 10 below. 

   

 

Figure 8: Opto-rig output and resultant signal for the 
PDMS cuff with a green LED 

 

Figure 9: Opto-rig output and resultant signal for the 
adhesive cuff with a green LED 

 
Figure 10: Opto-rig output and resultant signal for the 
adhesive cuff with a blue LED 
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Animal Test 

In order to verify that the cuff is capable of recording an ENG(electroneurogram) 

signal and that there is no electrical leakage that would result in unintentional stimulation 

of the nerve, the cuff was tested on the sciatic nerve of a non-optogenetic rat. The intended 

goal of this test was to the record an ENG signal when an electrical pulse is applied and to 

have no ENG response when The LED is turned on. The DAQ device used consisted of 

the NI-BNC -2090A BNC port array and a computer running a MatLab application 

designed by George Moukarzel. The DAQ sends a square wave electrical pulse to the A-

M Systems Analog Stimulus Isolator Model 2200 which converts the voltage signal into 

current at a rate of 1mA/V, and sends the signal to the sciatic nerve of the rat. Any resultant 

ENG signals were amplified with a gain of 

100 and filtered using a notch filter by the 

A-M Systems Differential Amplifier Model 

1700. The resultant signal was then 

received by the DAQ and superimposed on 

the stimulus signal. The DAQ also sent 

signals to the BuckPuck which controls the 

LED within the cuff. This configuration can 

be seen in figure 11.  

 

The animal was anesthetized with approximately 0.4mL of ketamine administered 

via intraperitoneal (IP) injection. Once unconscious, the surgical area was shaved and an 

Figure 11: Configuration of components in animal testing of 
opt-electrical cuffs 
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incision was made over the thigh and the muscle tissue was separated to expose the sciatic 

nerve. The nerve was separated from the surrounding tissue such that the cuff could be 

implanted as seen in figure 12. 

 

Figure 12: Surgical implantation of opto-electrical cuff 

The Matlab application was run in three different ways; once with electrical 

stimulation only seen in figure 13, once with optical stimulation only seen in figure 15, and 

once with both optical and electrical stimulation seen in figure 14. The data showed that 

the LED did not stimulate the nerve and an EMG signal was able to be recorded during 

electrical stimulation. In figure 16 a small spike after the LED is turned on can be seen, but 

the signal is measured to be approximately 30μV which is negligible. 
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Figure 13: Electrical stimulation of sciatic nerve of naive 
rat, using opto-electrical nerve cuff 

 

Figure 14: Optical and electrical stimulation of sciatic 
nerve of naive rat, using opto-electrical nerve cuff 

 

Figure 15: Optical stimulation of sciatic nerve of naive 
rat, using opto-electrical nerve cuff 

 

Figure 16: Close up of Optical and Electrical stimulation 
at point of LED activation 

 

  

Figure 17: Image of implanted cuff when LED is on 
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When electrical stimulation occurred, the leg of the rat visibly twitched. This twitch 

also occurred during the combination of electrical and optical stimulation, but did not occur 

during exclusively optical stimulation. These results indicate that there is no current 

leakage from the cuff and it should be able to function as intended in an optogenetic animal. 

Due to the size of some of the cuffs, only one model was able to be successfully implanted. 
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CHAPTER 4: DISCUSSION 
 

 Overall, the cuffs constructed using medical adhesive were able to be more 

reliably constructed. Using the Haugland method, the electrodes were able to adhere to 

the interior of the cuff. The primary issue in adhesion was misalignment of the silastic 

band. It covered the edge of electrode during the application of the adhesive such that 

when cured, the electrode would begin to peel away. This issue was addressed with the 

addition of more diluted adhesive, approximately a 5:8 ratio of heptane to adhesive, 

brushed carefully between the electrode and the interior of the cuff. The adhesive proved 

sufficient to insulate the electrical components of the cuff and if leakages were detected 

this was also able to be addressed by the addition of more adhesive. The most significant 

drawback of the use of medical adhesive is the amount of occlusion of light intensity of 

the LED, but the produced light power still exceeded the minimal amount needed to 

penetrate and impact the neurons. 

The cuffs made using PDMS proved to be much more difficult to assemble and 

produce reliably. PDMS is often preferred for biological studies because of its inertness, 

but for the purpose of making cuffs it can create some difficulties. Separately cured layers 

are likely to peel apart unless properly treated, therefore it is more reliable to have all of 

the components within the mold and put through a single curing process. This minimizes 

room for error during assembly. Once cured, if there are problems with the cuff, it is far 

easier to remake the cuff than to make repairs. There is also a significant limitation in the 

size of the cuff. The space within the mold must be large enough to contain the LED, which 

in this case resulted in the cuff being too large to be tested on an animal. The PDMS cuff 
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did exceed the emitted power of the adhesive cuff significantly, so it may be worth 

exploring further, but the adhesive cuff is usable and far easier to assemble and produce 

reliable results. 

Testing of the cuffs confirmed that the construction of the electrodes was 

successful. The impedances were sufficient for the use of electrical stimulation of neurons 

regardless of the material that the cuffs were constructed from. A primary concern of the 

cuffs was that the LEDs would be constructed such that the emitted power would be 

insufficient for neural stimulation. It was shown that there was some obstruction, but the 

LEDs used were still capable of producing enough light through the material of the cuffs.  
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CHAPTER 5: FUTURE DIRECTIONS: 

 The use of PDMS for the construction of the cuffs may still prove to be valuable, 

but it requires further testing. The PDMS was shown to allow for a much greater amount 

of power to be emitted due to its higher translucence, which may be necessary should the 

neurons prove to have a higher threshold than expected or if studies move toward larger 

animals that would naturally have a higher threshold due to the increase in surrounding 

tissue. The most significant stumbling block is the size of the LED. The mold must be big 

enough that the LED can be completely surrounded by PDMS during the curing process to 

ensure proper insulation. This may potentially be remedied be moving away from Song’s 

basic cylindrical model and shifting to a more complex mold shaped around the 

components. 

Due to time constraints, complications with viral transfection in the previous animal 

group, and the time it takes to virally transduce neurons, the cuffs were unable to be tested 

on optogenetic animals. Once optogenetic animals are obtained, the cuffs will be tested on 

animals similarly to the previously described procedure to confirm that there was no 

leakage from the LED and that the electrodes were functional. This test however, would 

observe the impact of blue and green light on the sciatic nerve of an optogenetic animal. If 

transfection is successful, the blue light should excite the neurons while green light should 

inhibit them by activating ChR2 and ArchT respectively. The can be observed through an 

H-reflex test. In the case of electrical stimulation in the H-reflex test, the response should 

contain an M-wave and an H-wave. Since the intent of this study is to target proprioception 

which is dependent on afferent signals. If the blue light is shone on the nerve the response 
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signal should only consist of an H-wave. If green light is shone on the nerve in conjunction 

with an electrical signal, the response should only consist of an M-wave. This would be 

sufficient evidence that the virus affects the desired pathways. 

To confirm that the rats were properly transfected, histological tests will be 

performed. The DRGs that were previously injected will be extracted and thin slices will 

be observed, looking for the fluorescent proteins for Chr-2(GFP) and for ArchT(tdTomato) 

which should both be present and fluoresce if transfection was successful for the test 

subjects. 

Going further, the cuffs would likely be implanted into animals to allow for the 

impact of the excitation or suppression of proprioception on the animals’ kinematics to be 

observed. In order to do this, a specialized head mount designed by Annie Vahedipour(11), 

as seen in figure 18, would be adapted for use on rats instead of mice. 

 

Figure 18: 3D rendering of head mount design for mice by Annie Vahedipour(11) 

Additional ports may also need to be implemented in order to accommodate for the separate 

optical and electrical components. The cuff and head mount would be implanted under the 

skin of the animal and the animal would be connected to the controller via the headmount 

during future kinematic studies. 
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APPENDIX 
Bill of Materials for Cuffs: 

Part Part Number Distributor Description Cost 

PDMS 50-366-794 

Fisher 

Scientific 

Electron Microscopy Sciences SYLGARD 

184 $158.60  

Platinum 

Foil AA00262FF 

Fisher 

Scientific 

Platinum Foil, 0.025mm (0.001 in.) thick, 

99.9% (Metals basis), Alfa Aesar™ $163.73  

Medical 

Adhesive 

A-100:Medcial Silicone 

Adhesive Factor II 

One- component , low-slump, translucent 

silicone material $33.95  

Wire AS 631 Cooner 

Teflon coated stranded stainless steel hookup 

wire $7.13/ft 

Solder & 

Flux STA-BRITE SBSK Harris 

Silver solder 3/64 1/2 oz STAR2000 by Stay-

Brite $13.99  

Silastic 

tubing 

11-189-15D, Dow 

Corning 2415534 

Fisher 

Scientific 

50ft Silastic sanitary tubing 1mm I.D. 

x2.15mm O.D. $96.60  

PTFE 

tubing F015091 - 5 Fluorostore 

5 Fractional PTFE Tubing, 1/32" ID x 1/16" 

OD, 5' Length, Semi-Transparent $10.52  

Blue LED LXML-PB01-0040 LEDsupply Luxeon Rebel Color Emitter $3.33  

Green LED LXML-PM01-0100 LEDsupply Luxeon Rebel Color Emitter $3.33  

Buckpuck 3021-D-E-1000 Digi-Key LED supply cc buck 32V 1A 7SIP $13.99  

 


