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ABSTRACT 

One aspect of the present disclosure relates to a method for 
controlling levels of perceived intensity of a sensory stimu­
lus. The method includes configuring a stimulation signal 
with an activation charge rate (ACR) based on a predefined 
level of intensity by a subject during an action. The ACR is 
based on a strength of pulses in the stimulation signal 
parameter and a frequency of pulses in the stimulation signal 
parameter. The stimulation signal can be applied to neural 
tissue of a subject during the action. Based on the stimula­
tion signal, the subject can be induced to perceive the 
predefined level of intensity during the action. 
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SYSTEMS AND METHODS FOR 
CONTROLLING LEVELS OF PERCEIVED 

INTENSITY OF A SENSORY STIMULUS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the benefit of U.S. Provi­
sional Application No. 62/537,992, entitled "SYSTEMS 
AND METHODS FOR CONTROLLING LEVELS OF 
PERCEIVED INTENSITY OF A SENSORY STIMULUS," 
filed 28 Jul. 2017. This application also claims the benefit of 
U.S. Provisional Application No. 62/407,202, entitled "THE 
NEURAL BASIS OF PERCEIVED INTENSITY IN 
NATURAL AND ARTIFICIAL TOUCH," filed 12 Oct. 
2016. The entirety of these provisional applications 1s 
hereby incorporated by reference for all purposes. 

TECHNICAL FIELD 

[0002] The present disclosure relates generally to sensory 
perception and, more specifically, to systems and methods 
for controlling levels of perceived intensity of a sensory 
stimulus. 

BACKGROUND 

[0003] Sensation refers to detection of external or internal 
stimulation by receptors in a subject's body. The detected 
stimulation can be transduced into an electrical signal, 
which is then transmitted to the brain. Within the brain, the 
sensation conveyed in the electrical signal can be perceived. 
In other words, perception utilizes the brain to make sense 
of the stimulation. In some instances, a subject may be 
unable to detect such external or internal stimulation. For 
example, the subject may be suffering from paralysis or 
amputation may be unable to experience such sensations. 
Sensation can be restored to these subjects through electrical 
stimulation of sensory nerves, where electrical signals can 
be transmitted to the brain so that the subject can perceive 
the sensation without communication from the receptors. 
While modifications to parameters of the electrical wave­
form, such as changing the pulse frequency or changing the 
charge per pulse (by manipulating pulse amplitude or pulse 
width) are known to affect perception, it remains unknown 
how to control a level of intensity that is provided through 
a peripheral nerve interface. 

SUMMARY 

[0004] The present disclosure relates generally to sensory 
perception and, more specifically, to systems and methods 
for controlling levels of perceived intensity of a sensory 
stimulus. The levels of perceived intensity can be controlled 
based on an activation charge rate (ACR), a stimulation 
parameter that combines the pulse frequency and the charge 
per pulse to approximate the total spike rate evoked in the 
activated neuronal population. 
[0005] In one aspect, the present disclosure can include a 
system for controlling levels of perceived level of intensity 
to be perceived based on a sensory stimulus. The system can 
include at least one electrode ( e.g., an implanted electrode). 
The system can also include a controller comprising a 
processor to configure a stimulation signal with an ACR 
based on a predefined intensity of sensory perception by a 
subject during an action. The ACR can include a strength of 
pulses in the stimulation signal parameter and a frequency of 
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pulses in the stimulation signal parameter. The system can 
also include a waveform generator to generate the stimula­
tion signal and provide the stimulation signal to the elec­
trode for application to the subject as an action is performed. 
The at least one electrode can be configured to apply the 
stimulation signal to the subject as the action is performed. 

[0006] In another aspect, the present disclosure can 
include a method for controlling levels of perceived inten­
sity of a sensory stimulation. The method can include 
configuring, by a system comprising a processor ( e.g., a 
controller), a stimulation signal with an ACR set based on a 
predefined level of intensity to be perceived by a subject 
during an action. The ACR comprises a strength of pulses in 
the stimulation signal parameter and a frequency of pulses in 
the stimulation signal parameter. The method can also 
include applying, by a neural prosthesis device coupled to 
the system, the stimulation signal to neural tissue of a 
subject during the action. The method can also include 
inducing the subject to perceive the level of intensity during 
the action based on the stimulation signal and the predefined 
intensity of sensory perception. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The foregoing and other features of the present 
disclosure will become apparent to those skilled in the art to 
which the present disclosure relates upon reading the fol­
lowing description with reference to the accompanying 
drawings, in which: 

[0008] FIG. 1 is a block diagram illustration showing an 
example of a system that controls levels of perceived 
intensity of a sensory stimulus in accordance with an aspect 
of the present disclosure; 

[0009] FIG. 2 is a block diagram illustration showing the 
controller of FIG. 1 in greater detail; 

[0010] FIG. 3 is a process flow diagram of an example 
method for controlling levels of perceived intensity of a 
sensory stimulus in accordance with another aspect of the 
present disclosure; 

[0011] FIG. 4 is a process flow diagram of an example 
method for reconfiguring the stimulation of FIG. 3 to 
account for a change in perceived intensity; 

[0012] FIG. 5 is an illustration of an example system that 
delivers electrical stimulation to one or more of a subject's 
nerves; 

[0013] FIG. 6 includes plots showing a subject's ability to 
discriminate intensity, demonstrating that the relationship 
between pulse width (PW) and intensity is pulse frequency 
(PF)-dependent; 

[0014] FIG. 7 includes plots showing scaling of perceived 
magnitude, demonstrating that the relationship between PW 
and intensity is PF -dependent; 

[0015] FIG. 8 includes plots showing the matching of 
fingertip indentations on a subject's residual limb to elec­
trical stimuli delivered to the contralateral nerve, demon­
strating that the relationship between PW and intensity is 
PF-dependent; 

[0016] FIG. 9 includes plots illustrating the recruitment of 
fibers in a given fascicle; and 

[0017] FIG. 10 includes plots showing that activation 
charge rate (ACR) determines perceived intensity for both 
PW and PF modulation. 
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DETAILED DESCRIPTION 

I. Definitions 

[0018] Unless otherwise defined, all technical terms used 
herein have the same meaning as commonly understood by 
one of ordinary skill in the art to which the present disclo­
sure pertains. 
[0019] In the context of the present disclosure, the singular 
forms "a," "an" and "the" can also include the plural forms, 
unless the context clearly indicates otherwise. 
[0020] The terms "comprises" and/or "comprising," as 
used herein, can specify the presence of stated features, 
steps, operations, elements, and/or components, but do not 
preclude the presence or addition of one or more other 
features, steps, operations, elements, components, and/or 
groups. 
[0021] As used herein, the term "and/or" can include any 
and all combinations of one or more of the associated listed 
items. 
[0022] Additionally, although the terms "first," "second," 
etc. may be used herein to describe various elements, these 
elements should not be limited by these terms. These terms 
are only used to distinguish one element from another. Thus, 
a "first" element discussed below could also be termed a 
"second" element without departing from the teachings of 
the present disclosure. The sequence of operations ( or acts/ 
steps) is not limited to the order presented in the claims or 
figures unless specifically indicated otherwise. 
[0023] As used herein, the term "sensory nervous system" 
can refer to a part of the nervous system responsible for 
processing sensory information. The sensory nervous sys­
tem includes sensory receptors involved in sensation, sen­
sory nerves and neural pathways, and parts of the brain 
involved in sensory perception. 
[0024] As used herein, the term "sensation" can refer to 
detection of external or internal stimulation ( otherwise 
known as a sensory stimulus) by sensory receptors. Upon 
detection, the stimulation can be transduced into an electri­
cal signal, which is transmitted to the brain through one or 
more sensory nerves and/or neural pathways. 
[0025] As used herein, the term "artificial" sensation can 
refer to an electrical signal that is applied to one or more 
sensory nerves through one or more electrodes of a neural 
prosthesis and transmitted to the brain. The artificial sensa­
tion can be used to restore sensation in instances where a 
subject is unable to detect external or internal stimulation, 
such as due to amputation or paralysis. 
[0026] As used herein, the term "perception" can refer to 
the act of one or more parts of the brain processing the 
electrical signal to determine the sensed stimulation. Per­
ception can be used to determine a level of intensity of a 
sensation during an action. For example, a subject can 
perceive differences between a strong handshake and a 
bone-crushing grasp. 
[0027] As used herein, the term "neural prosthesis" can 
refer to a series of devices that can substitute a modality that 
may have been damaged as a result of an injury or a disease 
or enhance a modality that has not been damaged. The 
modality can be motor, sensory, and/or cognitive. The neural 
prosthesis described herein substitutes at least the sensory 
modality. 
[0028] As used herein, the term "adaptation" can refer to 
a change over time of the responsiveness of the sensory 
nervous system to a stimulus. 
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[0029] As used herein, the terms "subject" and "patient" 
can be used interchangeably and refer to any warm-blooded 
organism including, but not limited to, a human being, a pig, 
a rat, a mouse, a dog, a cat, a goat, a sheep, a horse, a 
monkey, an ape, a rabbit, a cow, etc. 
[0030] As used herein, the term "real time" can be used to 
refer to the processing of input data within milliseconds so 
to be available virtually immediately as feedback. 

II. Overview 

[0031] The present disclosure relates generally to sensory 
perception, the act of one or more parts of a subject's brain 
processing the electrical signal to determine a level of 
intensity sensation during an action. The sensory nervous 
system includes sensory receptors involved in sensation, 
sensory nerves and neural pathways, and parts of the brain 
involved in sensory perception. Sometimes, however, a 
subject is in need of artificial sensation that bypasses the 
sensory receptors and relies on electrical stimulation of one 
or more sensory nerves For example, the subject may be 
suffering from a disease, paralysis, or amputation, which can 
disrupt sensation and/or perception. As another example, the 
subject may be entirely healthy, but emerged in a virtual 
reality-type environment where physical stimulation may or 
may not directly exist except in mathematical expressions. 
For example, the data can be from a physics domain, such 
as ultrasound or other imaging modality. 
[0032] Generally, electrical stimulation of one or more 
sensory nerves (e.g., by a neural prosthesis) can provide a 
degree of sensory perception; however, electrical stimula­
tion alone cannot inform the subject as to the level of 
intensity of the sensation. As an example, electrical stimu­
lation can alert a subject of a hand grasp, but cannot allow 
the subject to distinguish whether the hand grasp is a firm 
handshake or a bone crushing grip without visual cues and 
learned behavior. The present disclosure relates, more spe­
cifically, to systems and methods for controlling levels of 
perceived intensity of a sensory stimulus. The levels of 
perceived intensity can be controlled based on a single 
parameter of the electrical stimulation, the activation charge 
rate (ACR). For example, the ACR can be updated in real 
time based on an input (e.g., feedback from a sensor, based 
on a predefined program, or other types of feedback). The 
ACR approximates the total spike rate evoked in the acti­
vated neural population and combines the pulse frequency 
and the charge per pulse. As such, by controlling the ACR 
of an electrical stimulation, a desired level of perceived 
intensity can be perceived for a desired action. 

III. Systems 

[0033] One aspect of the present disclosure can include a 
system 10 (FIG. 1) for controlling levels of perceived 
intensity of a sensory stimulus by a subject. The levels can 
be controlled and updated in real time based on feedback 
( e.g., from a sensor, based on an input, based on a predefined 
program, based on an input from an image, or the like). The 
system 10 can be used by a subject to perceive a level of 
intensity of a certain sensory stimulus based on an action 
taken by the subject or done onto the subject. The subject 
can be, for example, an able-bodied individual, an ill indi­
vidual, an amputee, and/or a paralyzed individual. In an 
example, the system 10 can be used in connection with a 
prosthetic limb to replace missing sensation for an amputee. 



US 2020/0230416 Al 

As another example, the system 10 can be used in connec­
tion with an alternate reality or video game system that can 
be used by an ill individual or a healthy individual. In a 
further example, the system 10 can be used in connection 
with a neural prosthesis device to restore the function of 
sensation to a paralyzed individual. In another example, the 
system 10 can be used to transform data recorded in one 
modality, such as an imaging modality like ultrasound, into 
sensation. 
[0034] The system 10 makes up for the deficiencies of 
artificial sensation provided by electrical stimulation of one 
or more sensory nerves ( e.g., by a neural prosthesis), which 
can provide a degree of sensory perception. This electrical 
stimulation alone, however, cannot inform the subject as to 
the level of intensity of the sensation. However, the system 
10 can provide a stimulus that informs the subject as to the 
level of intensity of the sensory stimulus perceived by the 
subject. The perceived level intensity can be a reflection of 
the magnitude of the sensory stimulus. 
[0035] The system 10 can include one or more electrodes 
12, a waveform generator 14 (or stimulator), and a controller 
16. The controller 16 can configure an electrical signal for 
stimulation based on a predefined intensity of sensory per­
ception during an action. Upon receiving the configuration 
from the controller 16, the waveform generator 14 can 
provide the stimulation signal configured according to 
instructions from the controller 16 to the one or more 
electrodes 12. The one or more electrodes 12 can apply the 
stimulation signal to the subject as the action is performed 
(either by the subject or on the subject). 
[0036] The one or more electrodes 12, the waveform 
generator 14, and/or the controller 16 can be configured to 
communicate via one or more wired and/or wireless con­
nections. In some instances, the one or more electrodes 12 
and the waveform generator 14 can comprise a neural 
prosthesis device. The neural prosthesis device can deliver 
an electrical stimulation from the waveform generator 14 to 
a portion of the peripheral nervous system that includes a 
portion of the sensory nervous system through the one or 
more electrodes 12. The one or more electrodes 12 can be 
implantable and/or external ( e.g., surface electrodes). 
Examples of internal electrodes can include one or more 
contacts of a multi-contact electrode, such as a spiral cuff 
electrode or flat interface neural electrode (FINE) cuff 
electrode, or one or more single-contact electrodes. An 
example of an external electrode can include a skin elec­
trode. The waveform generator 14 can be configured inde­
pendently of the one or more electrodes 12 for external or 
internal (e.g., the waveform generator 14 can be implant­
able) use. 
[0037] The controller 16, shown in more detail in FIG. 2, 
can include a non-transitory memory 20 and a one or more 
processors 21. In some instances, the non-transitory memory 
20 and the one or more processors 21 can be hardware 
devices. Software aspects that can be implemented by the 
controller 16 can be stored as computer program instructions 
in the non-transitory memory 20. The non-transitory 
memory 20 can be any non-transitory medium that can 
contain or store the computer program instructions, includ­
ing, but not limited to, a portable computer diskette; a 
random access memory; a read-only memory; an erasable 
programmable read-only memory (or Flash memory); and a 
portable compact disc read-only memory). The computer 
program instructions may be executed by the one or more 
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processors 21. The one or more processors 21 can be one or 
more processors of a general-purpose computer, special 
purpose computer, and/or other programmable data process­
ing apparatus. Upon execution of the computer program 
instructions, various functions/acts can be implemented by 
the controller 16 related to the configuration of the electrical 
stimulus signal that is sent to the waveform generator 14. 

[0038] The controller 16 can configure parameters of the 
electrical signal, which can cause the subject to perceive a 
predefined level of intensity for a stimulation. Accordingly, 
the program instructions stored in the non-transitory 
memory 20 can include an ACR determination unit 23 and 
a signal configuration unit 25. The ACR determination unit 
23 can configure the electrical stimulation signal with an 
activation charge rate (ACR) based on the predefined inten­
sity of sensory perception by a subject during an action. The 
ACR is a single parameter of the electrical stimulation 
signal, which can be varied based on a desired level of 
perceived intensity to be perceived for a desired action. The 
ACR approximates the total spike rate evoked in the acti­
vated neural population and is directly proportional to the 
level of intensity perceived by the subject based on the 
stimulation. The ACR determination unit 23 combines the 
pulse frequency and the charge per pulse, which corresponds 
to the strength of the pulse (which depends on at least one 
of a pulse width value and a pulse amplitude value), to 
determine the ACR. Notably, the strength of pulses param­
eter and/or the frequency of pulses parameter in the stimu­
lation signal can be altered throughout the stimulation as 
long as the ACR remains constant. 

[0039] In some instances, the predefined level of intensity 
can be predefined based on a certain action. In some 
instances, the correlation between predefined level of inten­
sity and the action can be stored in a table 24 that may be 
stored in the non-transitory memory 20 of the controller 16 
and consulted by the ACR determination unit 23 upon 
configuring the electrical stimulation signal for the action. In 
other instances, the ACR can correspond to at least one of 
the predefined level of intensity for the action and/or the 
action stored in a table 24 that may be stored in the 
non-transitory memory 20 of the controller 16 and consulted 
by the ACR determination unit 23 upon configuring the 
electrical stimulation signal for the action. 

[0040] The signal configuration unit 25 can configure the 
electrical stimulation signal with the ACR. For example, the 
signal configuration unit 25 can provide one or more param­
eters, including the ACR, to the waveform generator 14, 
which can generate the electrical stimulation signal with the 
ACR for application by the one or more electrodes 12. Upon 
application of the electrical stimulation signal, the subject 
perceives the desired level of intensity during the action. The 
perception of the level of intensity may be different from the 
actual predefined level of intensity, but is based on the 
predefined intensity of sensory perception. The signal con­
figuration unit 25 can vary the strength of the pulses param­
eter and/or the frequency of the pulses parameter in the 
stimulation such that the ACR remains constant. For 
example, this alteration of the strength of the pulses param­
eter and/or the frequency of the pulses parameter can be used 
to combat adaptation or to control another aspect of the 
sensation, such as the location. The signal can be reconfig­
ured with a new ACR based on a new action being per­
formed by or on the subject. 
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[0041] The non-transitory memory can also store a feed­
back unit 26. The feedback unit 26 can receive feedback 18 
and determine whether the level of intensity for the action is 
suffering from the effects of adaptation. The feedback 18, in 
some instances, can be provided by the subject related to 
adaptation as an open loop system. In other instances, the 
feedback 18 can be provided by the system 10 as a closed 
loop system, in which one or more sensors record a feature 
related to sensed intensity reflective of adaptation. In either 
case, the feedback unit 26 can account for the effects of 
adaptation on the ACR. Based on at least a portion of the 
feedback 18, the feedback unit 26 can signal the ACR 
determination unit 23 to determine a new ACR based on the 
adaptation. The signal configuration unit 25 can reconfigure 
the electrical stimulation signal with the new ACR ( e.g., by 
controller 16). The reconfigured ACR can be based on 
adaptation exhibited in the feedback signal. The new elec­
trical stimulation signal can induce the subject to perceive a 
new level of intensity during the action based on the 
reconfigured stimulation signal with the new ACR. 

IV. Methods 

[0042] Another aspect of the present disclosure can 
include methods for controlling the magnitude of a stimu­
lation perceived by a user. FIG. 3 shows a method 30 for 
controlling levels of perceived intensity of a sensory stimu­
lus. FIG. 4 shows a method 40 for reconfiguring the stimu­
lation of FIG. 3 to account for a change in perceived 
intensity. The methods 30 and 40 can be executed by 
hardware-for example, at least a portion of the system 10 
shown in FIG. 1. In each of the example methods, the levels 
of perceived intensity can be controlled and updated in real 
time. For example, the levels can be controlled based on an 
input from a sensor that senses the environment or the 
subject's body. Additionally, the levels can be controlled 
based on an image or input/feedback. 
[0043] The methods 30 and 40 are illustrated as process 
flow diagrams with flowchart illustrations. For purposes of 
simplicity, the methods 30 and 40 are shown and described 
as being executed serially; however, it is to be understood 
and appreciated that the present disclosure is not limited by 
the illustrated order as some steps could occur in different 
orders and/or concurrently with other steps shown and 
described herein. Moreover, not all illustrated aspects may 
be required to implement the methods 30 and 40. Addition­
ally, one or more elements that implement the methods 30 
and 40, such as controller 16 of FIG. 1, can include a 
non-transitory memory 20 and one or more processors 21. 
[0044] Referring now to FIG. 3, illustrated is a method 30 
for controlling levels of perceived intensity of a sensory 
stimulus. The levels of intensity perceived by a subject can 
be controlled based on the configuration of an electrical 
stimulation signal with a certain activation charge rate 
(ACR). In some instances, theACR can be variable based on 
an input ( e.g., from a sensor, based on a predefined program, 
or another type of input) The subject can be, for example, an 
able-bodied individual, an ill individual, an amputee, and/or 
a paralyzed individual. 
[0045] At step 34, a stimulation signal can be configured 
(e.g., by controller 16) with an ACR that is set to an initial 
value based on a predefined intensity of sensory perception 
by a subject during an action. The ACR can be constant for 
a time period, which may be momentarily or indefinitely. In 
some instances, the ACR can be updated in real time to 
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accommodate a charging input (e.g., from a sensor, from 
another type of input, etc.). The ACR is a single parameter 
of the stimulation signal that approximates the total spike 
rate evoked in the activated neural population and combines 
the pulse frequency and the charge per pulse, which corre­
sponds to the strength of the pulse. In fact, the ACR is 
directly proportional to the level of intensity perceived by 
the subject based on the stimulation. By controlling theACR 
of the stimulation signal, a desired level of perceived inten­
sity can be perceived for a desired action. Notably, the 
strength of pulses parameter (which depends on at least one 
of a pulse width value and a pulse amplitude value) and/or 
the frequency of pulses parameter in the stimulation signal 
can be altered throughout the stimulation as long as the ACR 
remains constant. 
[0046] In some instances, the level of intensity can be 
predefined based on a certain action. For example, a firm 
handshake can be set with a lower level of intensity than a 
bone-crushing grasp. In some instances, the correlation 
between predefined level of intensity and the action can be 
stored in a table that may be stored in a non-transitory 
memory and consulted by a component of the system 
executing the method 30 upon configuring the stimulation 
signal for the action. In other instances, the ACR can 
correspond to at least one of the predefined level of intensity 
for the action and/or the action stored in a table that may be 
stored in the non-transitory memory and consulted by a 
component by the system executing the method 30 upon 
configuring the stimulation signal. 
[0047] During performance of the desired action, at step 
34, the stimulation signal can be applied (e.g., by one or 
more electrodes 12 of a neural prosthesis device) to neural 
tissue. Based on application of the stimulation signal with 
the ACR set for the action, at step 36, the subject can be 
induced to perceive the predefined level of intensity of 
sensory perception. The predefined level of intensity of 
sensory perception can correspond to the magnitude of the 
sensation for the action. 
[0048] In some instances, the level of intensity for the 
action can suffer from the effects of adaptation. As an 
example, the method 40 can account for the effects of 
adaptation on the ACR. At step 42, feedback related to the 
level of sensation perceived by the subject can be received 
(e.g., by controller 16). Based on at least a portion of the 
feedback, at step 44, the stimulation signal can be reconfig­
ured with a new ACR (e.g., by controller 16). The recon­
figured ACR can be based on adaptation exhibited in the 
feedback signal. At 46, the subject can be induced to 
perceive a new level of intensity during the action based on 
the reconfigured stimulation signal with the new ACR. 

V. Experimental 

[0049] The following example is shown for the purpose of 
illustration only and is not intended to limit the scope of the 
appended claims. This example shows how perception of a 
magnitude of sensation can be manipulated systematically 
by varying activation charge rate (ACR), a single stimula­
tion quantity. 

Materials and Methods 

Study Design 

[0050] The goal of this study was to determine how 
stimulation pulse width and pulse frequency impact the 
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perceived intensity of artificial tactile percepts evoked 
through electrical stimulation. Tactile intensity was assessed 
in seven electrode contacts in two upper limb amputee 
volunteers in a series of forced-choice tasks for intensity 
discrimination, perceived magnitude rating, and artificial to 
natural sensation matching. The data were used to create a 
model of the neural basis of perceived intensity. All experi­
ments were double-blinded with randomized stimulus pre­
sentation order. A computer program controlled stimulation 
and raw data was analyzed by custom programs. 
[0051] Subject inclusion criteria included unilateral, upper 
limb amputees, age 21 or older, who are current users of a 
myoelectric prosthesis or prescribed to use one, and have 
viable target nerves in the residual limb. Potential subjects 
were excluded because of poor health (uncontrolled diabe­
tes, chronic skin ulceration, history of uncontrolled infec­
tion, active infection) or the presence of significant, uncon­
trolled persistent pain in the residual or phantom limb. 

Subjects 

[0052] Two male unilateral right-arm trans-radial ampu­
tees were implanted with Flat Interface Nerve Electrodes 
(FINEs) or CWRU spiral cuffs around their median, ulnar, 
and radial nerves in their residual limbs. Briefly, subject 1 
had a right trans-radial amputation just proximal to the wrist 
in 2010 due to a traumatic injury, and was implanted in May 
of 2012 with 8-contact FINEs around his right median and 
ulnar nerves and a 4-contact CWRU spiral cuff around his 
right radial nerve. Subject 2 had a right trans-radial ampu­
tation in 2004 due to a traumatic injury, and was implanted 
in January of 2013 with 8-contact FINEs around his median, 
ulnar, and radial nerves. The present study was carried out 
between months 32 and 40 post-implant for subject 1 and 
months 26 and 32 post-implant for subject 2. The subjects 
visited the lab for six-hour testing sessions every 2-6 weeks, 
depending on their availability. In referring to electrodes in 
the figures, the convention Ex.y, where x denotes the subject 
(1 or 2) and y denotes the electrode for that subject (ranging 
from 1 to 7), was used. All study devices and procedures 
were reviewed and governed by the US Food and Drug 
Administration (FDA) Investigational Device Exemption 
(IDE), Cleveland VA Medical Center Institutional Review 
Board, and the Dept. of the Navy Human Research Protec­
tion Program (DON HRPP). Informed consent was obtained 
from both subjects. 

Peripheral Nerve Stimulation 

[0053] All electrical stimuli consisted of trains of charge­
balanced, square-wave, biphasic pulses with cathodal phase 
leading delivered by a custom Universal External Control 
Unit (UECU, Cleveland FES Center) stimulator to a single 
contact in the median nerve cuff (FIG. 5). The electrical 
returns consisted of 1 to 3 other contacts in the cuff such that 
stimulation elicited sensations on the palmar surface of the 
hand and did not interfere with the control of the myoelectric 
prosthesis. On each testing day, the subject's threshold on 
each cathodic contact was obtained using a two-alternative 
forced choice tracking paradigm in two stages, focusing on 
the long-pulse width (PW) portion of the strength-duration 
curve. In stage 1, the pulse amplitude (PA) threshold was 
found: On each trial, stimuli consisted of 5 s long pulse 
trains at a pulse frequency (PF) of 100 Hz and a PW of 255 
µs, the largest PW achievable with the stimulator, and the 
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subject reported if he perceived the stimulus. PA started at 
0.3 mA and increased by 0.1 mA until the subject reported 
sensation. In stage 2, the PW threshold was found: PA was 
held at threshold, PW started at 130 µs, and on each trial, 
decreased by 130/r when the subject reported sensation or 
increased by 130/2n when the subject did not, where n is the 
number of reversals. Threshold was assumed once the PW 
step size became less than 5 µs. 
[0054] Once threshold was obtained, PW was increased in 
small steps to determine the range of parameters that led to 
sensations without causing discomfort. The midpoint of the 
range of PW s that elicited sensations was then selected as 
the set point PW for all subsequent discrimination trials. 
Similarly, stimuli at a range of PFs (at the set point PW) 
were presented to ensure that stimuli were perceptible and 
comfortable. The location, intensity, and quality of the 
sensations were recorded for several stimuli that spanned the 
range of PWs and PFs used in the discrimination experi­
ments ( described below). The quality of sensations tended to 
remain constant over the range of parameters tested. 

Intensity Discrimination 

[0055] On each trial, two stimuli were presented, and the 
subject's task was to indicate which of the two stimuli was 
more intense (FIG. 6). Each experimental block comprised 
180 trials and subjects were given a break between blocks. 
In each block, each stimulus pair was presented 20 times, 
and both the order of stimuli within the pair and the order of 
the pairs was varied pseudo-randomly. The two pulse trains 
lasted 1 s and were separated by a 1-s inter-stimulus interval. 
The subject was instructed to ignore any changes in quality, 
duration, or location of the sensations, if such changes were 
to occur, and to focus solely on the intensity or magnitude 
of the sensation. Both the subject and the experimenter were 
blinded to the particular stimulation conditions of each trial. 
Discrimination data were fit with cumulative normal distri­
butions to obtain psychometric functions. The just notice­
able difference (JND) was estimated as the change in the 
stimulation parameter (PF or PW) that yielded 75% correct 
performance. Each function yielded two estimates of the 
JND ( one for decreases, the other for increases in that 
parameter relative to the reference parameter value), which 
were then averaged. 
[0056] PF discrimination. Stimuli in each pair differed 
only in PF, with PA and PW held constant at their set point 
values, as described above. Each pair consisted of a stimulus 
at a reference PF and the other was at a test PF. Two 
reference PFs were tested-50 Hz and 100 Hz-and, for 
each reference, the test PFs ranged from 25 to 175% of the 
reference PF with the following caveat: because the stimu­
lator could only produce frequencies that were integer 
millisecond divisions of one second (e.g., f=l/1 ms, ½ ms, 
1/2 ms, etc), the nearest frequencies to achieve these refer­
ence percentages were used. Thus for the 100 Hz reference, 
the test stimuli were 25, 50, 83.3, 90.91, 100, 111.1, 125, 
142.9, 166.7 Hz, and for the 50 Hz reference, the test stimuli 
were 12.5, 25, 40, 45.5, 50, 55.6, 62.5, 76.9, 90.9 Hz. 
[0057] PW discrimination. Stimuli in each pair differed in 
PW, with PF held constant at 100 Hz and PA at its set value. 
One stimulus in each pair was the reference stimulus, where 
the PW was the set value used in the frequency discrimi­
nation trials. The other stimulus in the pair was the test 
stimulus, with PW typically ranging from 75 to 125% of the 
reference PW. 



US 2020/0230416 Al 

[0058] PF & PW discrimination. Stimuli in each pair 
differed in PW, PF, or both. One stimulus in the pair was 
always the reference stimulus, in which the PF and PW were 
at their set point values. This reference stimulus was com­
pared to nine test stimuli, that included every possible 
permutation of PF, which took on one of three values (at the 
reference level, below it, or above it), paired with a PW, 
which also took on one of these three values. The high and 
low values were selected based on prior trials to be slightly 
greater than or less than one JND ( estimated from the PF and 
PW discrimination functions), respectively. For example, 
the PFs for Subject 1 were 83.3, 100, and 125 Hz because 
the PF JND was found to be around 24 Hz on this contact, 
and the PWs were 121, 130, and 139 µs, because the PW 
JND was found to be around 10 µs on this contact. 

Magnitude Estimation 

[0059] During each trial, a 1 s-long pulse train was deliv­
ered and the subject's task was to state a number whose 
magnitude corresponded to the magnitude of the evoked 
sensation. If a stimulus was imperceptible, it was ascribed 
the number zero. If one stimulus felt twice as intense as 
another, it was given a number that was twice as large. 
Subjects were encouraged to use fractions and decimals as 
needed and there was not a maximum value. Trials were 
separated by at least 3 seconds to minimize adaptation. 
Subjects performed four experimental blocks, each consist­
ing of 67 trials and separated by breaks. Ratings were 
normalized by dividing by the grand mean rating on their 
respective blocks. In some cases, only 3 blocks were run due 
to time constraints. 
[0060] The following three conditions were intermixed in 
a pseudo-random order in each experimental block: 

[0061] PF manipulation: The PW was constant at the 
reference PW and the PF varied over a range from 25 
to 166 Hz to be consistent with the discrimination and 
matching experiments. 

[0062] PW manipulation: PF was constant at 100 Hz 
and the PW varied along the perceptible and comfort­
able range. 

[0063] PF and PW manipulation: The PF and PW 
spanned the same ranges as the PF and PW manipula­
tions but increased together. 

Electrical to Mechanical Intensity Matching 

[0064] Indentation stimuli were applied with micron pre­
cision (±2 µm) using a stage driven by a MXS0LP servo 
motor with a 0.5 µm encoder (Parker Hannifin Corp., 
Cleveland, Ohio). The motor was controlled by a ViX250-IH 
servo driver (Parker Hannifin Corp.) under computer control 
using custom software. The stage was mounted on a stable 
frame constructed from extruded aluminum rods. On each 
experimental block, the indenter was positioned over the 
(intact) left hand with the tactor centered on the location that 
matched the projected location of the sensations evoked 
when stimulating through the contact tested on that experi­
mental block. The skin was pre-indented by -500 µm to 
ensure that the tactor maintained contact with the skin over 
the entire block. Each trial consisted of a mechanical stimu­
lus delivered to the intact hand paired with an electrical 
stimulus delivered through a given contact. The stimuli each 
last 1 s and were separated by a 1 s inter-stimulus interval, 
followed by a response interval. The order of presentation of 
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the stimuli (electrical or mechanical first) was randomized. 
The subject indicated which stimulus (mechanical or elec­
trical) felt stronger. Each experimental block was divided 
into sub-blocks during which the electrical stimulus 
remained constant. Within each sub-block, the depth of 
mechanical indentation increased ( decreased) with a step 
size of 2 dB if the mechanical stimulus on the previous trial 
had been perceived as more (less) intense. In experiments 
with Subject 1, the step size decreased from 2 to 0.25 dB 
after the first reversal and the sub-block ended after the 
second reversal. In experiments with Subject 2, each sub­
block ended as soon as the subject's response reversed. In all 
experiments, the starting indentation depth was randomly 
selected to span the range of achievable depths. Each 
electrical stimulus was presented in five sub-blocks; sub­
blocks with different electrical stimuli were interleaved in 
pseudorandom order. 

[0065] PF manipulation. Nine PFs were selected to span 
the range tested in the PF discrimination task (12-166 
Hz). 

[0066] PW manipulation: Seven PWs were selected to 
span a range that was both perceptible and comfortable. 

Statistical Analysis 

[0067] All data were reported as mean±standard deviation. 
Student's t-test with alpha=0.05 was used for comparisons 
between stimulation conditions. 

Results 

Intensity Discrimination 

[0068] Subjects discriminated the perceived intensity of 
pairs of stimulation pulse trains that varied in pulse width 
(PW), pulse frequency (PF), or both. These experiments 
yielded psychometric functions relating discrimination per­
formance to differences in stimulation intensity (PW, PF, or 
both). To the extent that small increments in either parameter 
are discriminable, a large number of intensity levels can be 
signaled to the subject via the neural interface. 

[0069] Systematic changes in stimulation parameters 
yielded systematic changes in the perceived magnitude of 
the evoked percepts as evidenced by smooth psychometric 
functions, which are similar to those found in intact sensory 
systems (FIG. 6, element A). The just noticeable difference 
(JND) is defined as the change in a stimulation parameter 
that yields 75% correct discrimination. The JND for PF was 
16.5±1.6 Hz (mean±sd) and 29.6±4.6 Hz at 50 and 100 Hz 
references, respectively. To compare discriminability across 
stimulation conditions, the Weber fraction, which is the JND 
divided by the reference was calculated. The Weber fractions 
obtained at the two reference frequencies were 0.33 and 
0.30; these were statistically indistinguishable (unpaired 
t-test, p=0.61, FIG. 6, element B inset). The JND for PW was 
6.7±1.0 µs, yielding a Weber fraction of 0.05, which was 
significantly lower than Weber fractions obtained with 
changes in PF (unpaired t-test, p<0.001 for both PF JNDs). 
Discriminability was higher when both PF and PW 
increased or decreased together than when either changed in 
isolation or when they changed in opposite directions (FIG. 
6, element C). In other words, the relationship between PW 
and intensity is PF dependent. 
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Magnitude Estimation 

[0070] Discrimination performance does not provide 
information about the range of elicited sensations. Indeed, 
all pulse trains might have elicited percepts whose magni­
tude was only slightly different, but reliably so. To achieve 
natural somatosensory feedback would require that the arti­
ficial sensation perceptions span a wide range of sensory 
magnitudes that matches the range experienced in every day 
life through an intact limb. To test the breadth of evoked 
sensations, subjects were asked to provide judgments of 
perceived intensity across the range of safe and comfortable 
stimulation parameters in a free magnitude scaling para­
digm. As expected, the perceived intensity increased as PW 
(FIG. 7, elements A, C) and PF (FIG. 7, elements B, D) 
increased over the range of values tested. Importantly, 
perceived magnitudes of artificial touch spanned a wide 
range, increasing approximately ten-fold from the lowest to 
the highest intensity tested. To compare across stimulation 
parameters, the intensity was examined as a function of the 
average stimulation current, which is defined as the total 
stimulation charge applied per second (in units of µA): 

lave ~(PW*PA)*PF 

The perceived magnitude as a function of average current 
was different depending on the mode of stimulation (t-test 
comparing regession slopes, all p<0.001, FIG. 7, element E): 
Slopes were steepest for PW, shallowest for PF, and inter­
mediate for the combination of PF and PW. 

Electrical to Mechanical Intensity Matching 

[0071] Having established that varying pulse train param­
eters can elicit a large number of discriminable intensity 
percepts, and that these percepts span a wide range of 
intensities, it was sought to directly compare the magnitude 
of electrically evoked sensations to that of mechanically 
evoked ones. To this end, subjects were instructed to match 
mechanical skin indentations on their intact hand to electri­
cal stimulation such that the sensory magnitude of the 
former matched that of the latter. This process was repeated 
for electrical stimuli that spanned the range of perceptible 
and comfortable PW sand PFs. It was found that PW and PF 
were approximately linear functions of indentation depth 
matched for perceived magnitude (FIG. 8, elements A-D). 
The slope of the functions obtained by varying PF and PW 
were consistent for each electrode contact but varied across 
contacts. Electrode contacts that yielded a high slope for 
indentation depth vs. PF also yielded a high slope for 
indentation depth vs. PW (FIG. 8, element E, r=0.96). The 
slopes of the functions were likely affected by several factors 
including the mechanical sensitivity at the location of the 
indentation, which probably varied across skin locations, 
and the electrical sensitivity of the stimulated fascicle, 
which varied according to its geometry and distance from 
the stimulating electrode. As was the case with the magni­
tude estimates, PW and PF had different effects on matched 
depths when stimulation was expressed in terms of the 
average stimulation current Oave) (t-test comparing reges­
sion slopes, all p<0.001). 

The Neural Basis of Perceived Intensity 

[0072] Increasing the PF of a stimulation results in an 
increase in the firing rate of activated neurons with minimal 
influence on the number of fibers activated, whereas increas-
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ing PW results in recruitment of additional neurons while 
minimally affecting the firing rate of the activated fibers 
since each pulse is too short to evoke multiple spikes in a 
given fiber. Importantly, electrical stimulation allows popu­
lation size (via PW) and population firing rate (via PF) to be 
varied independently, which is not possible with natural 
stimulation as these two factors generally co-vary with 
mechanical stimulation of the skin. 

[0073] Previous studies involving paired neurophysiologi­
cal and psychophysical experiments yielded two theories of 
the neural basis of perceived intensity. According to the "hot 
zone" hypothesis, the perceived intensity is determined by 
the spike count across the population of afferent neurons 
whose receptive fields are directly under the stimulus, 
weighted by fiber type. According to the "population" 
hy_Pothesis, the perceived intensity is determined by the 
spike count across the entire population of afferent neurons 
that is activated by the stimulus, again weighted by fiber 
type. These two hypotheses could not be disambiguated 
based on neurophysiological responses from the nerve and 
psychophysical ratings of perceived magnitude, as measured 
in monkeys and humans, respectively. 

[0074] Results from the present study provide evidence 
against the hot zone model of perceived intensity. According 
to the hot zone model, increasing the PF of stimulation 
increases sensory magnitude by increasing the firing of 
neurons while minimally recruiting additional neurons. In 
contrast, increasing the PW recruits additional neurons 
while minimally affecting firing rate and has little impact on 
perceived intensity. On the other hand, the population model 
of perceived intensity predicts that increases in both stimu­
lation parameters should affect perceived magnitude as they 
both modulate the total number of spikes elicited: one by 
increasing the spike rate of activated neurons, the other by 
recruiting more neurons. In other words, both temporal and 
spatial summation seem to play a role in shaping perceived 
intensity. 

[0075] Based on the hypothesis that the population model 
could quantitatively account for the behavioral results an 
expression to estimate how the population firing rate ev;ked 
by electrical stimulation varied as a function of PW and PF 
was derived. This model was predicated upon three assump­
tions: single fascicle activation, monotonic fiber recruit­
ment, and single action potential per stimulation pulse. First, 
it_ was a~sumed that only one fascicle was activated by any 
given stimulus, an assumption that is supported by in vivo 
tests of FINEs in animals, and by the observation that, in 
these experiments, the spatial extent of the projected field 
was stable across stimulation parameters. Second, the num­
ber of fibers that were activated within the fascicle was a 
smooth, monotonic function of PW. This assumption is 
supported by the observation that perceived magnitude 
increased smoothly with increases in PW across the range 
tested. Recruitment-the proportion of fibers in the fascicle 
that are activated by each pulse----can be described as a 
sigmoidal function of PW (FIG. 9, element A). While the 
threshold and slope are expected to vary across electrodes­
depending on the distance between the electrode and the 
stimulated fascicle, the precise electrical properties of the 
interposed tissue, the layout of surrounding fascicles, and 
the cross-sectional area of the fascicle, among others-a 
sigmoid is a generic description of the recruitment function. 
A detailed biophysical model of the human median nerve 
and of the effects of electrical stimulation on recruitment 
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was implemented, showing that simulated recruitment 
curves were well approximated by a sigmoid function. When 
stimulation is above threshold and in the linear range of the 
sigmoid, the total number of fibers activated is well-approxi­
mated by a linear function of the total charge per pulse above 
threshold. Third, it was assumed that each pulse produced a 
single action potential in each activated fiber, given the short 
PWs (all s255 µs). 
[0076] To estimate the total population spike rate, the 
proportion of activated fibers was multiplied by the stimulus 
frequency to yield a quantity dubbed activation charge rate 
(ACR): 

ACR~(Q-Q,hreohold)*PF 

Since the stimulation pulses are square, the charge (Q) is the 
product of PA and PW and Q,hreshold is the charge at 
perception threshold. According to this model the population 
firing rate is approximately linear with ACR (FIG. 9, ele­
ment B). 
[0077] When the electrical stimuli were expressed in terms 
of ACR, and accounting for the effects of adaptation, the 
psychometric functions obtained in the discrimination 
experiment and resulting Weber fractions were consistent 
across the stimulation paradigms (FIG. 10, element A, t-test 
for each pair, p=0.61, 0.25 and 0.61, respectively). That is, 
the discriminability of two electrical stimuli could be pre­
dicted based on this metric regardless of which stimulation 
parameter was varied. Similarly, the magnitude scaling and 
indentation matching functions obtained when varying each 
of the two parameters (PW or PF) overlapped almost com­
pletely when expressed in terms of ACR (FIG. 10, elements 
B-C), and the slopes were highly consistent across tested 
conditions (FIG. 10, elements D-E, all p>0.05, except FIG. 
10, element D leftmost panel p=0.0059). In other words, the 
perceived magnitude of any electrical stimulus could be 
predicted based on ACR regardless of the specific stimula­
tion parameters. Given that ACR is a proxy for the evoked 
population firing rate, the present results are consistent with 
the hypothesis that the perceived magnitude of a tactile 
stimulus is determined by the total firing rate evoked in the 
population of mechanoreceptive afferents innervating the 
skin. 
[0078] From the above description, those skilled in the art 
will perceive improvements, changes and modifications. 
Such improvements, changes and modifications are within 
the skill of one in the art and are intended to be covered by 
the appended claims. 

The following is claimed: 
1. A method comprising: 
configuring, by a system comprising a processor, a stimu­

lation signal with an activation charge rate (ACR) set 
based on a predefined level of intensity to be perceived 
by a subject during an action, wherein the ACR com­
prises a strength of pulses parameter and a frequency of 
pulses parameter in the stimulation signal; and 

applying, by a neural prosthesis device coupled to the 
system, the stimulation signal to neural tissue of a 
subject during the action, 

wherein the subject is induced to perceive the predefined 
level of intensity during the action based on the stimu­
lation signal. 

2. The method of claim 1, further comprising altering at 
least one of the strength of the pulses parameter and the 
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frequency of the pulses parameter in the stimulation such 
that the ACR remains constant, 

wherein the predefined level of intensity perceived by the 
subject remains constant while at least one of the 
strength of the pulses parameter and the frequency of 
the pulses parameter in the stimulation signal is altered. 

3. The method of claim 1, further comprising: 
changing, by the system, the stimulation signal with a new 

ACR set based on an input from a sensor or a program; 
updating, by the system, the stimulation signal with the 

new ACR; and 
applying, by the neural prosthesis device coupled to the 

system, the updated stimulation signal to the neural 
tissue of the subject. 

4. The method of claim 1, wherein the strength of the 
pulses parameter is based on at least one of a pulse width 
value and a pulse amplitude value. 

5. The method of claim 1, wherein a level of sensory 
perception of the subject corresponds to a predefined level 
for the action based on the predefined level of intensity. 

6. The method of claim 5, wherein the predefined level of 
intensity for the action is stored in a table that is consulted 
by the system upon configuring the stimulation signal for the 
action, 

wherein the table is stored in a non-transitory memory of 
the system. 

7. The method of claim 1, wherein the subject comprises 
at least one of an able-bodied individual, an ill individual, an 
amputee, and a paralyzed individual. 

8. The method of claim 1, wherein the ACR is directly 
proportional to the predefined level of intensity perceived by 
the subject. 

9. The method of claim 1, wherein a value of the ACR is 
stored in a table corresponding to the at least one of the 
predefined level of intensity and the action, 

wherein the table is stored in a non-transitory memory of 
the system. 

10. The method of claim 9, further comprising consulting, 
by the system comprising a processor, the table to determine 
the ACR associated with the action. 

11. The method of claim 1, wherein the ACR is further 
based on a feedback related to an effect of adaptation of the 
subject to the stimulation signal. 

12. A system comprising: 
at least one electrode; 
a controller comprising a processor to configure a stimu­

lation signal with an activation charge rate (ACR) 
based on a predefined level of intensity of sensory 
perception by a subject during an action, wherein the 
ACR comprises a strength of pulses parameter and a 
frequency of pulses parameter in the stimulation signal; 

a waveform generator to generate the stimulation signal 
and provide the stimulation signal to the electrode for 
application to the subject as an action is performed, 

wherein the at least one electrode is configured to apply 
the stimulation signal to the subject as the action is 
performed. 

13. The system of claim 12, wherein the ACR is set 
according to a desired level of sensation to be perceived 
during the action based on the stimulation signal and the 
predefined level of intensity of sensory perception. 

14. The system of claim 12, wherein the controller alters 
at least one of the strength of pulses parameter and the 
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frequency of the pulses parameter in the stimulation such 
that the ACR remains constant. 

15. The system of claim 12, wherein the strength of pulses 
parameter is based on at least one of a pulse width value and 
a pulse amplitude value. 

16. The system of claim 12, wherein the controller con­
figures the stimulation signal with a different ACR based on 
an input from a sensor. 

17. The system of claim 12, wherein the predefined level 
of intensity is retrieved from a table stored in a non­
transitory memory associated with the controller based on 
the action. 

18. The system of claim 12, wherein the at least one 
electrode is an implantable electrode or an external elec­
trode. 

19. The system of claim 12, wherein the at least one 
electrode comprises at least one of a flat interface nerve 
electrode (FINE) or a spiral cuff electrode. 

20. The system of claim 12, wherein the controller 
receives a feedback signal related to an effect of adaptation 
of the subject to the stimulation signal and determines the 
ACR further based on the feedback signal. 

* * * * * 
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