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ABSTRACT

The loss of an arm can lead to a loss in both dexterity and sensation. Sensation is critical in closing
the motor control loop, making fine adjustments, and identifying object properties. However, ef-
fective sensory feedback is absent from most modern prosthetic devices. Additionally, despite the
importance of sensation, the literature is sparse on how to quantify and communicate how different
prosthetic arms provide their users with sensory feedback. In this dissertation, I sought to develop
tools for quantifying and communicating sensation, and to apply these tools to characterize sensory
feedback enabled via the stimulation of regenerative peripheral nerve interfaces (RPNIs). In Aim
1 I built a protocol for directly comparing the availability of sensory feedback between individuals
using anatomical and prosthetic limbs through their interactions with a simulated object. In Aim 2
I then conducted a systematic literature review of methods of electrical stimulation for the purpose
of referring sensory feedback to the phantom limb. In this aim I analyzed trends in methodologies
and outcome measures. In Aim 3 I applied the findings of my literature review, characterizing
RPNI-enabled sensation in four individuals with upper limb amputation. Finally, to assess the util-
ity of RPNI-enabled sensation in an actual task, in Aim 4 I developed a virtual reality environment
for testing bi-directional prosthetic function. Through these investigations, I empirically confirmed
previous anecdotal evidence that sensory feedback, especially force feedback, is more available to
individuals using a body-powered prostheses compared to those using myoelectric prostheses. I
also determined that there is little replication of methodologies in the field of prosthetic sensation,
which creates difficulties in comparing results between studies. As such, I created a set of guide-
lines for future research. Finally, I determined that RPNIs are capable of both providing consistent
sensory feedback referred to the phantom hand, and that this sensation has the potential to improve
prosthetic function. Additionally, RPNI feedback during a bi-directional task improved a partici-
pant’s perception of their phantom limb, indicating possible therapeutic benefits to RPNI sensation.
These findings support previous literature on the importance of sensation for the improvement of
prosthetic function and satisfaction in individuals, and encourages future research into the utility
of RPNI-enabled sensation. This work also provides future researchers with several tools to guide
studies focused on prosthetic sensation. Collectively, this dissertation demonstrates that RPNIs are
effective interfaces for improving prosthetic sensation and function, but are still not yet capable of
providing users with naturalistic sensation.

xii



CHAPTER 1

Introduction

1.1 Research Motivation

The holy grail of prosthetic research and development is to deliver individuals with amputation

a prosthesis that is indistinguishable from the natural limb in terms of its feel and function. For

upper limb prostheses, this incredible feat of science fiction requires a device that can 1) be finely

controlled using the nerve signals originally used to control the intact hand, and 2) can relay rich

tactile and proprioceptive sensory information to an individual that they perceive as natural feeling

and originating from the prosthetic hand as if it were their own. These are the components of an

ideal bi-directional prosthesis, however the field is still a long way from achieving this goal.

Commercially available, active, upper limb prostheses lack both the level of control and the

tactile sensation of an anatomical hand [24, 57, 109]. These devices are typically controlled either

mechanically (body-powered; BP) or electrically (myoelectric; MYO). Individuals using a pros-

thetic limb of either type are typically limited to incidental feedback, including visual, auditory,

and socket-transmitted force [24, 15, 138]. Limitations in sensory feedback can, in turn, limit

user experience and function. Sensory feedback allows individuals to make corrections during

a task [24], facilitates the development of more accurate internal models [17], and can increase

satisfaction and prosthetic use in everyday life [60].

Prosthetic limbs that provide sensory feedback consistently improve participant performance in

object identification tasks [116, 54, 139, 128], modulating grip force [22], and activities that in-

volve grasping and lifting [1]. However, it can be difficult to compare across approaches due to the

1



nature of studying sensation. Sensation is subjective, without a “ground truth”, and different indi-

viduals may perceive or report sensation in different ways. Additionally, there are no universally

agreed upon outcome measures for characterizing or assessing sensation or its functional benefits

in novel upper limb prostheses [56]. The findings presented in this dissertation advance the field by

developing tools and guidelines for future researchers to characterize sensation, and by proposing

novel methodologies for quantifying the benefits of sensory feedback.

1.2 Background

1.2.1 Restoring Sensory Feedback

The majority of commercially available prostheses do not include any features that explicitly de-

liver sensory feedback to their users. Therefore, most individuals using a commercially available

prosthesis depend on a combination of feedback from visual cues, auditory cues, and socket forces

to effectively interact with their environment [24].

The two main types of active upper limb prostheses are body-powered (BP) and myoelectric

(MYO) devices, and each have different mechanisms of control which, in turn, affect the feedback

available to their users (1.1). Briefly, individuals using a BP prosthesis actuate their device via

a Bowden cable which ties the movement of their scapula to the opening or closing movements

of their terminal device (often a split-hook). The direct connection between user movement and

terminal device movement provides users with a sense of the terminal device’s configuration at

any moment in time, a phenomenon called extended physiological proprioception (EPP). Thus,

the Bowden cable can directly transmit force to a user [71, 15] and this EPP results in a sense of

terminal device positioning [24], which together provide sensory information.

In contrast, MYO devices are actuated by motors that are commanded to open or close via

electromyographic (EMG) signals collected from the surface of the residual limb. There is often no

direct correlation between the intensity of muscle activation and the position of the MYO terminal

device, though experienced MYO users can learn and internalize the timing and auditory cues [24,

2
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Figure 1.1: A framework for the transfer of information through the control loop of myoelectric
(left) and body-powered (right) prosthetic arms.

138] of their device over prolonged use [82, 138]. These differences between devices have resulted

in anecdotal evidence and a general consensus that BP devices offer more sensory feedback than

current MYO devices [18], however there is a lack of empirical evidence that would be beneficial

for enabling better clinical recommendations and guiding future research.

Commercially available prostheses do not actively restore sensory feedback to individuals with

amputation. Therefore, it is crucial to explore mechanisms for supplementing visual, auditory, and

socket cues in order to improve prosthetic sensation and function. This can be done through a

variety of invasive [56] and non-invasive [6] means. These novel sensory cues can be primarily de-

scribed along two axes: homology, which describes when the modality of a sensation is preserved

between the prosthesis and the user, and somatotopy, which describes how closely matched the

3



location of a stimulus is between the prosthetic sensor and where the user perceives the sensation

(1.2).

Homology

So
m

at
ot

op
y

Sensory Substitution Homologous

Somatotopic Naturalistic

Figure 1.2: A chart demonstrating the variety of supplemental feedback types, organized by the
level of homology and somatotopy of each. For the examples given, force detected by sensors in
the prosthesis is communicated to the user via vibrations on the residual limb (lower left), force
feedback on the residual limb (lower right), vibrations perceived in the phantom limb (upper left),
or force feedback perceived in the phantom limb (upper right).

Non-invasive Methods

Non-invasive supplemental feedback typically takes the form of either sensory substitution or ho-

mologous (modality-matched) feedback [6]. Sensory substitution describes any system that mea-

sures one type of information input and then conveys that information using a different, typi-

cally more available information display (e.g. visual cues, vibration). The most common inputs

4



are grasp force, force at an individual finger, or finger position [6]. The most common displays

are electrotactile feedback (a small shock), vibrotactile feedback (vibrations via a vibrotactor), or

mechanotactile feedback (skin stretch or pressure from a mechanotactor) which can be mapped to

the the location or intensity of the input [6]. Sensory substitution is the most common method of

delivering supplemental feedback because it is relatively simple and can be done relatively cheaply.

The requirements are a sensor on the prosthesis, and then any device that can deliver information

to the user.

One method of delivering somatotopic, and even naturalistic feedback, through non-invasive

means is transcutaneous electrical nerve stimulation (TENS). TENS typically consists of multiple

electrodes placed on the surface of the skin that can be used to stimulate nerves within an individ-

ual’s residual limb (in the case of upper limb sensation) [37, 36, 122, 99, 96]. However, residual

limb properties such as limb volume and skin conductance change frequently, and it is difficult to

place TENS units in the exact same place each time they are used, making them an inconsistent

method of delivering sensory feedback. Additionally, TENS almost exclusively results in tingling

sensations at the electrode site, regardless of whether or not referred sensation is successfully

evoked.

Invasive Methods and Surgical Procedures

Many of the more invasive stimulation techniques typically evoke sensation in individuals that

is referred to their “phantom limb”, by leverage existing neural pathways through implantable

devices and surgical procedures. This means that regardless of where the stimulation is applied

(e.g. nerves, muscle, spine, brain), the participant perceives the sensation as coming from where

their hand originally was, and where many individuals with acquired amputation still feel that

missing hand. A variety of peripheral nerve interfaces exist (See Chapter 3), which can be inserted

into or around existing nerves or muscles in the residual limb [107, 62, 87]. These devices often

consist of several electrodes that can be stimulated through wires routed through the skin to sites

where researchers can generate and send stimulation waveforms. Many invasive methods also
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Figure 1.3: A framework for the transfer of information through the intact and neuroprosthetic
control loop.

use electrodes for capturing efferent motor commands from residual limb muscles and nerves to

use in prosthetic control. A combination of stimulation and control using brain activity or neural

pathways can enable the use of a bi-directional neuroprosthesis 1.3

While most interfaces are made up of electrodes that are inserted in or around existing nerves or

tissue, there also exist peripheral nerve interfaces that incorporate the amputated peripheral nerves

or muscles to create biological constructs that enable prosthetic sensation or control. RPNIs are

one such example, constructed out of an amputated nerve and a muscle graft [76]. Other methods

include targeted sensory reinnervation (TSR) and agonist-antagonist myoneural interfaces (AMIs).

TSR reroutes amputated nerve to healthy skin which, when stimulated, refers sensation to the

phantom limb [141]. AMIs are created when the agonist and antagonist muscles in the leg of an

individual with transtibial (below-knee) amputation are connected via tendons in such a way that

the contraction of one muscle causes it to pull on the opposing muscle and gives the individual

with the AMI a sense of the position of their phantom foot and ankle [33].
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The main differentiating factors between these technologies are their level of invasiveness, and

the number of stimulation channels they offer. Additionally, many of the current invasive solutions

have only been applied acutely, and it is unclear which methods will be effective over longer

periods of time [56]. However, there is still no consensus regarding which technologies are best,

and it is likely that many will find niches within the field.

In this dissertation work, I used Regenerative Peripheral Nerve Interfaces (RPNIs) as a method

of delivering feedback to individuals with amputation that harness existing neural pathways. RP-

NIs are surgically constructed by excising a small piece of autologous muscle and wrapping around

and suturing it to an individually separated residual nerve fascicle. Then, over a period of months,

the nerve reinnervates the muscle tissue and the tissue revascularizes [76]. RPNIs were originally

developed for addressing neuroma pain [129] that were then adapted for use in prosthetic control

[135]. In recent experiments, researchers at the University of Michigan demonstrated that direct

stimulation via electrodes implanted into the RPNIs induced referred proprioceptive and cutaneous

sensations in two participants with transradial amputation [134].

1.2.2 Identifying a Need for Research

While it is universally accepted that an anatomical hand provides more sensory feedback to an

individual than a prosthetic hand, there is limited empirical evidence for how they differ. Addi-

tionally, there is a lack of research quantifying the differences in sensory feedback and control that

individuals experience with different types of prostheses. Many studies that investigate the benefits

of sensation do so in a non-amputee population using a prosthetic bypass device [5]. Those that

do study the performance of individuals with amputation collect data on a small cohort (typically

three or fewer individuals), and do so with custom prosthetic hardware. To understand the benefits

of sensation, it is important to conduct research that directly compares individuals using anatom-

ical hands and different types of prostheses in tasks that require sensory feedback and fine motor

control.

While previous literature reviews have described the functional benefits of different stimula-

7



tion technologies [118, 107], they were not systematic and did not discuss how differences in

methodologies may affect study outcomes. Additionally, studies of peripheral nerve stimulation

often contain only a few individuals, which may limit the extent to which their results can be

generalized. That said, there are several tests that appear several times through the literature to

demonstrate improved sensory feedback in a prosthetic device. These include grasping and lifting

tasks [57, 112, 16], identifying the size or stiffness of objects [42, 132], or clinical tests that depend

on general manual dexterity, such as the Box and Blocks task [115, 52, 60]. Therefore, to better

understand trends in peripheral nerve stimulation across the field and to synthesize the results of

many smaller studies, there is a need for a systematic review of the literature. This kind of review is

particularly important for establishing guidelines for future research in a field that is both relatively

young and rapidly growing.

Ultimately, however, the most important factor of sensory feedback in a prosthetic device is

whether or not the addition of sensory feedback results in increased user function. Assessing

function in this way requires a bi-directional prosthesis, which is capable of actuating based on

control signals from the user and then providing sensory feedback based on movement or contact

events measured by the prosthesis. In addition to these functions, bi-directional testing is limited by

the physical characteristics of the prosthesis and its user. The prosthesis must match the side of the

user’s amputation, and be light enough for the user to lift without strain. Finally, if the experiment

is testing the benefits of somatotopic sensation then the prosthesis requires sensors that are co-

located with areas in which the user perceives sensation during peripheral nerve stimulation. All

of these requirements, along with the cost of advanced bi-directional prostheses can act as barriers

to researching the benefits of sensation on prosthetic function. One solution to these issues is to

test bi-directional prostheses in a virtual reality environment, which eliminates physical constraints

on the device and greatly reduces cost [50]. However, according to a recent literature review of

virtual and augmented reality environments for upper limb prosthesis training, the majority of

studies were either non-immersive or did not collect data on any individuals with amputation [50].

Without these elements, it may be difficult for researchers to extend their results to the population
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of prosthesis users that may actually benefit from these technological developments. Therefore,

the development of a virtual prosthetic environment that incorporates neuroprosthetic control and

can trigger peripheral nerve stimulation with actual prosthesis users would be a valuable addition

to the field.

In either physical or virtual spaces, prosthesis actuation depends on interpreting user intent,

which is typically captured via electromyography (EMG). However, EMG signals can vary de-

pending on many factors, which introduces uncertainty and disrupts feed-forward control [113].

Feed-forward control delays also result from a lack of control in software over how quickly a

physical prosthesis can open and close or may simply be limited by the physical dynamics of the

prosthesis. The time it takes to process external stimuli and then stimulate the prosthesis user

accordingly can also disrupt the control loop [24, 6]. While previous studies have identified the

importance of timing in both feed-forward and feedback control, physical setups provide many

confounding variables including communication time between devices and the actuation speed of

a prosthesis. Additionally, it is often difficult to place sensors on a prosthetic hand that perfectly

align with the perceived areas of sensation of each individual participant.

To address these gaps in the literature, this body of work aims to address questions regarding

how sensation is perceived and utilized by individuals using a prosthesis. My investigation into the

role of sensation in prosthetic functionality fits into a larger framework as illustrated in (Fig 1.1).

Specifically, I aim to 1) quantify how differences in the availability of sensory feedback between

prosthetic and anatomical limbs affects performance in functional tasks, 2) identify trends and best

practices across the current literature in how to stimulate the peripheral nervous system to generate

referred sensation, 3) characterize the stability and utility of RPNIs as a method of interfacing

with the peripheral nervous system to evoke referred sensory feedback, and finally, 4) assess how

sensory feedback evoked via RPNIs affects performance in functional tasks using a virtual reality

environment. This work is intended to build a better foundation for future experiments, enabling

researchers to better characterize, quantify, and communicate their findings on the relationship

between sensation and prosthetic function.
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1.3 Contributions

The goal of this body of work is to develop methods for characterizing sensory feedback and

quantifying the functional benefits of sensory feedback within the human-prosthetic motor control

loop. In the pursuit of this goal, I directly compared the availability of several types of sensory

feedback between individuals with and with prosthetic arms in grasping and manipulation tasks.

I also conducted a systematic literature review of methodologies for stimulating individuals with

amputation to evoke referred sensation, which I hope will be a valuable resource and reference for

individuals conducting research in that space. Finally, I applied the findings of this literature review

to characterize RPNI-enabled sensation and developed a virtual reality platform for assessing the

utility of RPNI-enabled sensation for bi-directional prosthetic performance. These contributions

both provide new frameworks for quantifying sensory feedback in future research, and demonstrate

the applications of these frameworks on individuals with amputation.

In Chapter 2, I compare the availability of visual, vibrotactile, and force feedback between indi-

viduals using intact, body-powered, or myoelectric prosthetic limbs [57]. This was accomplished

using a novel haptic device that participants could interact with, regardless of what limb or pros-

thesis type they were using. This device could both deliver various types of feedback and measure

the position of two paddles to evaluate task performance. This work contributes empirical evi-

dence of the differences in feedback availability between different prosthesis types, and between

individuals using a prosthesis and an intact hand. Critically, the study was conducted with indi-

viduals using their own prostheses, rather than custom devices developed for the study. Previous

studies had only either reported anecdotal differences [18] or reported results on custom devices,

or with individuals without amputation using emulators [6]. Therefore, the findings of this work

contribute to a better understanding regarding the differences in sensory feedback availability for

individuals using prostheses, and may provide a methodological framework for the evaluation of

novel prosthetic hands that promise improved sensation for their users.

In Chapter 3, I systematically review the present literature on methodologies for stimulating

individuals with amputation to refer sensation to their phantom limbs [56]. This chapter was

10



motivated by my interest in conducting sensory characterization experiments with individuals im-

planted with RPNIs, and the lack of literature presenting guidelines and best-practices for how

to do so, or how to quantify and report my results. While several expert reviews had previously

discussed trends in neuroprostheses [107] or safety considerations for stimulation parameters [62],

they did not do so in a systematic fashion. In this work I present an overview of the technolo-

gies currently used for evoking referred sensation, the stimulation parameters they use (e.g. pulse

width, amplitude, frequency), the most common outcomes from these studies, and the questions in

the literature that have not yet adequately been explored. Chapter 3 also includes a checklist for

proposed needs and wants for future studies, which include details about participants, details about

experimental protocols, and specific outcome measures that would help standardize reporting and

comparison between studies. As a whole, Chapter 3’s contribution is to be a resource and reference

for future researchers in the field of referred sensation.

Chapter 4 directly builds off of the contributions of Chapter 3, applying some of the best prac-

tices found through the literature review to the characterization of sensation enabled via the stim-

ulation of RPNIs in three participants with amputation. The main contribution of this chapter

is in characterizing the consistency of RPNI sensation in terms of location of perceived sensa-

tion, the level of current required to evoke sensation, and the sensitivity of participants to changes

in the level of stimulation current. This work is also significant because it demonstrates novel

findings on how sensation in the phantom limb can be manipulated when multiple RPNIs are stim-

ulated simultaneously. The broader impact of this work is that I demonstrated a range of sensory

characterization methods that I recommended in Chapter 2, to act as a model for future sensory

characterization papers.

In Chapter 5, I present pilot data for the use of RPNI-enabled sensation as part of a bi-directional

prosthesis. Using the perception threshold stimulation parameters characterized in Chapter 4, I set

up a virtual reality environment that can be used to simulate a prosthetic limb from which users

can both control and receive feedback in real time. The primary contribution of this aim is to

evaluate the utility of RPNI-enable sensation in a virtual Box and Blocks task, a modified version
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of the Box and Blocks Task commonly used to assess a prosthesis user’s functional ability [65]. A

secondary contribution of this aim is the development of the virtual reality environment, which will

be open-sourced and available for other research groups. This environment can receive as inputs

the desired positions of a prosthetic hand and outputs the values of several virtual force sensors

as well as the position of the prosthetic wrist. It can also be configured to output any values

associated with the prosthetic hand’s position and orientation. If developed further, this could be a

significant contribution to clinical training and prosthetic research, as it allows an individual with

amputation to control and receive feedback from a bi-directional prosthesis independent of the

weight or complexity of a physical device.

Altogether, this dissertation adds to existing research regarding the role of sensation in pros-

thetic control by developing new tools for the characterization, evaluation, and understanding of

prosthetic sensation. This dissertation contributes methodological paradigms, experimental results,

a systematic review, and critical synthesis of how individuals with amputation experience and use

sensation. This work also looks forward, building on previous research and clinical experience

to inch the field ever closer to a reality where a phantom hand can experience touch through a

prosthetic one.
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CHAPTER 2

Getting a Grip on the Impact of Incidental Feedback

from Body-powered and Myoelectric Prostheses

This work has been published in TNSRE [57]1

Abstract

Sensory feedback from body-powered and myoelectric prostheses are limited, but in different

ways. Currently, there are no empirical studies on how incidental feedback differs between body-

powered and myoelectric prostheses, or how these differences impact grasping. Thus, the purpose

of this study was to quantify differences in grasping performance between body-powered and my-

oelectric prosthesis users when presented with different forms of feedback. Nine adults with upper

limb loss and nine without (acting as controls) completed two tasks in a virtual environment. In

the first task, participants used visual, vibration, or force feedback to assist in matching target

grasp apertures. In the second task, participants used either visual or force feedback to identify

the stiffness of a virtual object. Participants using either prosthesis type improved their accuracy

and reduced their variability compared to the no feedback condition when provided with any form

of feedback (p<0.001). However, participants using body-powered prostheses were significantly

more accurate and less variable at matching grasp apertures than those using myoelectric pros-

1Gonzalez, Michael A., et al. “Getting a Grip on the Impact of Incidental Feedback From Body-Powered and
Myoelectric Prostheses.” IEEE Transactions on Neural Systems and Rehabilitation Engineering 29 (2021): 1905-
1912.
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theses across all feedback conditions. When identifying stiffness, body-powered prosthesis users

were more accurate using force feedback (64% compared to myoelectric users’ 39%) while myo-

electric users were more accurate using visual feedback (65% compared to body-powered users’

53%). This study supports previous findings that body-powered prosthesis users receive limited

force and proprioceptive feedback, while myoelectric prosthesis users receive almost no force or

proprioceptive feedback from their device. This work can inform future supplemental feedback

that enhances rather than reproduces existing incidental feedback.

2.1 Introduction

Analogues to the mechanoceptors and proprioceptors of the natural hand do not exist in conven-

tional body-powered or myoelectric prostheses. This denies prosthesis users access to the reliable

sensory feedback and subconscious feedback processing available to an anatomical limb when they

perform tasks with their device. Thus prosthesis users must grasp and manipulate objects without

the benefit of the reliable, native sensory feedback and subconscious feedback processing that

usually guides such tasks [69, 120]. While native sensory feedback from the anatomical limb is

absent, prosthesis users still have access to natural cues from their prosthesis. This incidental feed-

back includes visual, auditory, and socket-transmitted loads or vibrations [24, 15, 138]. However

the relative availability and utility of incidental feedback between body-powered and myoelectric

prosthesis users has only been characterized through anecdotal evidence [18].

The feedback available from a body-powered or myoelectric prosthesis is determined, in part,

by each device’s respective means of control and actuation. Body-powered prostheses are actuated

by a Bowden cable that ties movements of the scapula to opening or closing movements of a ter-

minal device. This direct connection between shoulder and prosthesis movement provides users

with a sense of prosthesis configuration, also called extended physiological proprioception (EPP).

EPP is thought to support the process by which a prosthesis becomes an extension of the user’s

body [24]. EPP is most effective in a system that couples user motion to prosthesis motion with
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limited friction or slack, such as the Bowden cable [48]. Evidence also suggests that prosthesis

users can use tension in the Bowden cable to detect resistance forces when grasping an object with

the prosthetic end effector, though this has only been demonstrated in healthy individuals using

a voluntary-close body-powered prosthetic emulator [71, 15]. In contrast, myoelectric prosthe-

ses are driven by a motor that is controlled by electromyographic (EMG) signals detected from

the residual limb. For most myoelectric devices, the magnitude of the EMG signal maps propor-

tionally to the speed of terminal device movement. Incidental feedback from myoelectric devices

include motor sounds and vibrations or forces transmitted through the socket [24, 138]. A sense of

contraction or effort from the residual muscles that generate EMG signals can also be considered

incidental feedback, though the relationship between effort and motion may not be as predictable

in myoelectric devices compared to body-powered devices. All of these signals can be used to

guide control actions, or be used to internalize the mapping from muscle activation to movement

speed and thereby establish predictive control over the device [82, 138]. While some commercially

available myoelectric devices have built-in force sensors to prevent a held object from dropping or

slipping (e.g. i-Limb, bebionic), such inner loop control actions or grasping force information are

not explicitly relayed back to the user.

To address the lack of native sensory feedback from either type of modern prosthesis, re-

searchers have developed various means for providing prosthesis users with supplemental feed-

back, which describes any artificial exteroception or proprioception provided to an individual.

Specifically, researchers have studied how the addition of supplemental feedback can improve ac-

curacy for prosthesis users in grasping and manipulation tasks. The most common method for de-

livering information about grasp aperture or grip force is through sensory substitution [6], wherein

sensory qualities are encoded into a signal that is delivered through an alternate feedback modality.

The feedback modalities used in sensory substitution for grasp aperture and grip force predomi-

nantly include electrotactile [136],[68], vibrotactile [22, 113, 3, 25, 89, 44], audio [44, 55], and

visual feedback [22, 89]. When sensory substitution was used to provide feedback regarding the

pose of a virtual or emulated prosthesis, individuals more accurately modulated their EMG levels
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[25], moved their hand into a target pose [13, 55], and differentiated object sizes [116] compared

to conditions without additional sensory feedback. Providing grip force feedback to participants

allowed them to more accurately modulate grip force [22] and identify object stiffnesses [116, 15],

and more quickly detect and stop objects from slipping [1], compared to when no feedback was

given. However, there exist examples of feedback modality combinations performing more poorly

than individual modalities [25] or feedback modalities providing limited benefit for certain tasks

[116]. Thus it is critical to study the contexts under which sensory substitution should be imple-

mented in a prosthesis.

The development of effective supplemental feedback in prosthetic devices is also dependent

on quantifying the incidental feedback already available to users of commercially available pros-

theses. By quantifying incidental feedback, it may be possible to establish a baseline for the

information that prosthesis users receive. Supplemental feedback can then be applied to augment,

rather than conflict with, the existing feedback. The utility of incidental feedback has been charac-

terized through myoelectric control experiments, however these studies involved either individuals

without limb loss using a prosthetic emulator [138, 113] or individuals with amputation using

equipment provided by the study [82]. In fact, a recent literature review found that no studies of

prosthetic sensation measured the performance of individuals with limb loss using their own device

[6]. These findings are valuable for providing comparisons across feedback modalities and sensory

substitution methods, but it may be difficult to generalize these findings to a population of pros-

thesis users who have more experience with their devices. Additionally, it is important to evaluate

feedback in contexts that will be relevant to prosthesis users. Many studies have highlighted the

importance of stiffness and force identification in manipulation tasks [116, 54, 139, 128], as these

skills address the concerns of an individual crushing or dropping an object with their prosthesis.

Pose matching tasks are also relevant, though less common [13, 25], as they quantify a prosthesis

users’ ability to match their hand aperture to the size of the object to initiate a grasp. While force

feedback is typically delivered continuously [116, 54, 139, 128], hand aperture can be delivered

either continuously [25, 89, 116, 13] or discretely [30, 82], with discrete methods typically denot-
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ing the contact events for grasping or releasing an object. Together, the context of a task and the

type of prosthesis an individual is using may affect the utility of the feedback being delivered, or

how available a particular feedback modality is to the user at all.

The purpose of this study was to quantify the utility of incidental feedback in the context of

grasping and manipulation tasks performed by persons using their own body-powered or myo-

electric prostheses. Throughout the study, participants interacted with a haptic device that could

simulate physical objects. The study consisted of a grasp aperture matching task [71] in which we

rendered force, vibration, or visual feedback at two levels to represent discrete contact events at

the boundaries of a virtual object, and a stiffness identification task in which we provided graded

force or visual feedback to simulate the properties of a physical object. We hypothesized that when

participants attempt to match target aperture using discrete contact events, performance would be

consistent across feedback modalities (visual, vibration, or force) and be higher for body-powered

prosthesis users than myoelectric users, on average. We expect these differences in performance

to be greatest when force feedback was provided, because force feedback is purportedly less avail-

able through myoelectric than body-powered prostheses. Similarly, we expected myoelectric users

would be less accurate compared to body-powered users at stiffness identification when presented

with continuous force feedback but similarly accurate when presented with continuous visual feed-

back. We also recruited persons without limb loss to participate, to provide a performance baseline.

2.2 Methods

2.2.1 Participants

Nine adults with unilateral, transradial amputation (4F/5M, age 48.0 ± 16.2 years) and nine age-

and sex-matched controls without amputation (4F/5M, age 44.7 ± 14.7 years) participated (Table

2.1). Participants were recruited through an online database (umclinicalstudies.org) and through

prosthetist referral. Potential participants were excluded if they were 18 or younger, had any his-

tory of neurological disorders or orthopedic conditions affecting their upper limbs (excluding the
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Table 2.1: Participant details

Participant Age Sex Cause of limb loss
Time since

amputation (years)
Prosthesis type

Device experience
(years)

P1 32 M Acquired 1.2
Body-powered Voluntary-open 0.8

Myoelectric i-limb 0.4
P2 52 F Acquired 0.8 Body-powered Voluntary-open 0.6
P3 55 F Congenital N/A Myoelectric 1 DoF Hand 33.0
P4 66 F Congenital N/A Myoelectric bebionic 0.5
P5 26 F Congenital N/A Myoelectric bebionic 0.8
P6 29 M Acquired 2.5 Body-powered Voluntary-open 2.0
P7 46 M Acquired 10.0 Body-powered Voluntary-open 7.0

P8 54 M Acquired 24.8
Body-powered Voluntary-close 23.0

Myoelectric 1 DoF Hand 23.0
P9 72 M Acquired 0.9 Body-powered Voluntary-open 0.3

residual limb of participants with amputation), or if they had any significant self-reported visual or

hearing impairments that would prevent them from completing the study protocol. All participants

provided their written informed consent prior to participation in this study whose protocol was

approved by the University of Michigan’s Medical School Institutional Review Board.

2.2.2 Experimental Protocol

All participants completed two experiments designed to assess different components of grasping.

The first assessed each participant’s ability to match a target grasp aperture, while the second

assessed their ability to distinguish object stiffness. In both experiments, participants interacted

with a custom device [71] that was designed to provide force and vibration through two motorized

hand guides. The two experiments were performed either on different days, or on the same day

with an extended break between, depending on participant schedule and fatigue. Each experiment

took about one hour to complete per limb. Participants with amputation used their own prostheses.

Three participants used body-powered prostheses, three used myoelectric prostheses, and two used

both devices (Table 2.1). Prosthesis users completed each experimental protocol with their intact

hand and with the terminal device of their prosthesis or prostheses.
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2.2.2.1 Grasp Aperture Matching

Participants placed their hand or prosthesis’s terminal device into the two hand guides (Fig. 2.1A).

Seat height and arm rest height were then adjusted to support the weight of the arm and ensure a

comfortable hand posture. A shroud was placed over the device during the experiment to prevent

the participant from seeing their hand (Fig. 2.1B). For individuals using a prosthesis, researchers

notified participants to re-position their prosthesis if it slipped out of the device.

Figure 2.1: Haptic object device setup. A) Participants placed their thumb and other four fingers, or the two ends
of their terminal device, in either hand guide. Hand guides were attached to linear actuators which provided force and
vibration feedback. Encoders relayed the hand guide position to the computer in real time. B) Participants were seated
in front of a computer monitor that provided trial start cues, end cues, and visual feedback. A shroud (shown with
increased transparency in this image) covered the device and the participant’s hand during all trials.

Participants were instructed to match the aperture of their hand to a target aperture shown on

a computer monitor (Fig 2.1B). These targets consisted of small (5 mm), medium (11 mm), and

large (17 mm) grasp apertures, presented in random order. The experimental device provided a

stimulus if participants closed their grasp narrower than the target. This stimulus was removed if

the participants then returned their grasp to be wider than the target. Participants were instructed
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to find the threshold where feedback switched on/off and to hold their hand position until the task

timed out at 7 s. Targets shown on screen were matched one-to-one with the physical distances

participants needed to match using the hand guides. The binary ‘too narrow’ or ‘too wide’ feedback

was chosen to allow direct comparison of the different forms of incidental feedback.

Participants completed the aperture matching task under five conditions. These included a vi-

sual condition, a vibration condition, a low level force condition, a high level force condition, and

a no feedback condition. These feedback modalities were chosen to represent the incidental feed-

back commonly available to individuals, such as visual and force feedback, and one of the most

prevalent modalities for sensory substitution, vibrotactile feedback [6]. In the visual feedback con-

dition, participants were presented with an empty box on the monitor if their grasp was too wide

and a filled box when their grasp was too narrow. For vibration feedback, we vibrated the hand

guides (magnitude: 0.5 N, frequency: 80 Hz) when the grasp was too narrow. Force feedback

conditions were implemented using a ramp function over a 5 mm window, centered at the target,

from 0 N to 5 or 30 N, for low or high force respectively. Once a grasp was more narrow than

the window, force was constant at the high or low value, depending on the condition. Participants

were allowed to practice each feedback condition at each aperture size prior to data collection until

they were comfortable. Finally, in the no feedback condition, participants were shown the target

aperture briefly and then told to match the target without any additional cues. We did not, how-

ever, control for other incidental feedback such as auditory cues from the experimental device or

myoelectric motors, or forces generated between the prosthetic socket and residual limb. Ordering

of the feedback conditions was pseudo-randomized, such that the no feedback condition was never

performed first.

For each feedback condition, participants were presented with each of the three target widths 10

times, for a total of 30 trials per condition. They had a minimum of 4 s of rest between each trial,

with 10 s of rest every 10 trials. Longer breaks were given between different feedback conditions.

Participants with a prosthesis completed each condition first with their intact hand, followed by

their prosthetic hand. Those without limb loss completed each condition first with their dominant
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hand, followed by their non-dominant hand.

2.2.2.2 Stiffness Identification

In this task, participants were asked to identify the stiffness of simulated springs as low, medium,

or high using only force feedback or only visual feedback.

During force feedback trials the device simulated virtual springs without damping so that force

output was only dependent on position and a selected spring constant. The force F commanded to

the linear motors was

F = −ks ∗ (d0 − d), (2.1)

where d0 was the fully-open hand guide position, d was the current hand guide position, and ks

was the spring stiffness. The values of ks were chosen to be distinguishable (accuracy greater than

33.3%, or random chance) but not trivially so (accuracy < 100%), according to pilot test results.

This resulted in virtual springs of low, medium, and high stiffness of 200 N/m, 550 N/m, and 1500

N/m, respectively.

For the visual condition, participants observed a virtual object on the computer monitor that

would deform horizontally as the participant closed the hand guides. Objects of differing stiff-

nesses were represented by differing rates of deformation. The medium spring deformed in 1:1

scaling with the distance between the hand guides (1 cm of hand guide compression corresponded

to 1 cm of virtual object compression). The soft spring deformed more quickly (1:2.5), while

the hard spring deformed more slowly (1:0.4). The visual scaling values were chosen through pi-

lot testing. A constant 2 N force was applied outward to assist with opening the hand guides to

facilitate multiple probes of the virtual object, regardless of the visually presented stiffness.

For each feedback condition, the virtual objects were presented randomly over 30 trials, with

each stiffness presented 10 times. The participants started each trial with hand guides in their

furthest separated positions, and had up to 20 seconds to probe each virtual object before making

their identification.

To familiarize participants with the protocol, we first conducted a short training session using
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physical objects. Participants were presented with sets of foam blocks of ‘Low’, ‘Medium’, and

‘High’ stiffnesses. Each set also contained blocks of three different sizes. To familiarize partici-

pants with identifying stiffness using only visual information, the experimenter compressed each

of the blocks with approximately the same amount of force and had participants attempt to identify

the object stiffness without physical interaction. Participants were then allowed to manipulate the

blocks themselves. To simulate identifying stiffness with only force feedback, participants were

asked to close their eyes as the researchers placed a random block in their intact hand and asked

them to report the block’s perceived stiffness (Low, Medium, or High).

2.2.3 Data Analysis

Grasp aperture was measured from linear optical encoders at 1 kHz using a data acquisition card.

Aperture error was calculated as the average difference between the target aperture and the hand

position during the last 1 s of each trial. Thus, positive errors represent grasps which were too

narrow. Error variability for each condition was quantified as the standard deviation of the aperture

error across trials. We also took the average absolute difference between the target aperture and

the hand position during the last 1 s of each trial, referred to here as absolute aperture error. For the

stiffness identification task, researchers recorded participant responses via keyboard press. Accu-

racy was the percentage of the total responses that were correct for each condition. We also created

confusion matrices of the presented stiffnesses versus the participants’ stiffness identifications.

We excluded trials in which the participant’s prosthesis slipped out of the hand guides, the

participant needed to remove their hand due to discomfort, or the participant had difficulty opening

or closing their prosthesis. This process excluded 2% (n = 96) of grasp aperture matching task

trials, 90% of which were during trials completed with a prosthesis. We also excluded 1% (n = 13)

of stiffness identification task trials, 85% of which were during trials completed with a prosthesis.

Additionally, due to errors in data collection during the grasp aperture matching task, P6 is missing

data for the High Force condition and P8 is missing data for their completion of the High Force

and no feedback conditions using their myoelectric prosthesis.
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2.2.4 Statistical Analysis

The primary dependent measures for the grasp aperture matching task were error, absolute error,

and error variability. For the stiffness identification task, the primary dependent measure was iden-

tification accuracy. We first tested for differences in all outcomes between anatomical limbs using

linear mixed-effect models in which limb (dominant and non-dominant for control participants,

intact and prosthetic for prosthesis users) was a fixed factor and participant was a random factor.

As there were no significant differences between limbs, we combined dominant, non-dominant and

intact limbs into an ‘anatomical limb’ group.

We tested for differences between limbs and feedback types using a series of linear mixed

models in which limb (anatomical, body-powered, myoelectric) and feedback type were predictor

variables and participants was a random factor. The grasp aperture matching tasks had 5 levels

for feedback (No Feedback, Visual, Vibration, Low Force, and High Force) while the stiffness

identification task had two (Visual and Force). Significant main effects and interactions were

explored using estimated marginal means with a Sidak correction for multiple comparisons. All

statistical analyses were performed using SPSS 27 (IBM Corp., Armonk, N.Y., USA), with α =
0.05. We calculated effect sizes (Hedges’ g) for pairwise comparisons between participants using

body-powered and those using myoelectric prostheses within each feedback condition. Effect sizes

were considered small (g ≥ 0.2), medium (g ≥ 0.5), or large (g ≥ 0.8) [34].

2.3 Results

2.3.1 Grasp Aperture Matching

Grasp aperture error was not affected by limb (p = 0.607) or feedback type (p = 0.067) (Fig. 2.2A),

nor were there any significant interactions (p = 0.137). Differences in grasp aperture error be-

tween participants using body-powered versus myoelectric prostheses had small to large effect

sizes across conditions (Visual: g = 0.90, Vibration: g = 0.84, Low Force: g = 0.24, High Force: g
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= 0.75, No Feedback: g = 0.47).

There were significant main effects of limb (p < 0.001) and feedback type (p < 0.001) on ab-

solute aperture error (Fig. 2.2B). Participants had larger absolute errors when using either a body-

powered (p < 0.001) or myoelectric (p < 0.001) prosthesis compared to an anatomical limb. Par-

ticipants using body-powered prostheses had lower errors than those using myoelectric prostheses

(p < 0.001). There were small to large effect sizes for the differences between prostheses across

feedback conditions (Visual: g = 1.13, Vibration: g = 0.73, Low Force: g = 1.23, High Force: g

= 0.63, No Feedback: g = 0.07). Participants had greater absolute error when grasping with no

feedback compared to grasping during any feedback condition (p < 0.001), regardless of which

limb was used.

Error variability was affected by both limb (p < 0.001) and feedback type (p < 0.001) (Fig. 2.2C).

Participants had greater error variability when using either a body-powered (p < 0.001) or myo-

electric (p < 0.001) prosthesis compared to an anatomical limb. Participants using a body-powered

prosthesis were less variable than those using a myoelectric prosthesis (p < 0.001). These dif-

ferences varied across feedback conditions with small to medium effect sizes (Visual: g = 0.74,

Vibration: g = 0.66, Low Force: g = 0.21, High Force: g = 0.79, No Feedback: g = 0.24). Partic-

ipants had greater error variability while grasping with no feedback compared to grasping during

any feedback condition (p < 0.005).

2.3.2 Stiffness Identification

Participants using their anatomical limbs most frequently confused similar stiffnesses (i.e. confus-

ing low and medium) (Fig. 2.3A). Prostheses users had more variable responses, confusing both

similar and dissimilar stiffnesses (i.e. confusing low with high). There was a significant main

effect of limb type (p < 0.001) and a significant limb × feedback type interaction (p < 0.001) for

stiffness identification accuracy (Fig. 2.3B). Participants using their anatomical limb could iden-

tify stiffness more accurately across both feedback conditions (73.1%) compared to those using

either a body-powered (58.3%; p = 0.006) or a myoelectric (51.6%; p < 0.001) prosthesis. When
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Figure 2.2: A) Error, B) absolute error, and C) error variability between the hand/prosthesis aperture and target
aperture for each feedback condition. Bars represent the average across the group, while individual averages are shown
as points. Error bars are one standard deviation. Data for voluntary-close body-powered devices and multi-articulated
myoelectric hands are indicated by stars. All other data are shown as open circles. ‘*’ indicates a significant main
effect of limb. Large and medium effect sizes for the pairwise comparison between body-powered and myoelectric
prostheses are denoted by ‘†’ and ‘‡’, respectively.

presented with force feedback, participants using body-powered prostheses could identify stiffness

more accurately (64.0%) than those using a myoelectric prosthesis (39.3%; g = 1.32). In contrast,
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when presented with visual feedback, participants using myoelectric prostheses identified stiffness

more accurately (65.3%) than those using body-powered prostheses (53.3%; g = 0.79).
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Figure 2.3: A) Confusion matrices for the stiffness identification task for each type of limb. The y-axis is the
presented stiffness (L: Low, M: Medium, H: High) and the x-axis is the participant-identified stiffness. Perfect accuracy
would be indicated by a 100% along the diagonal. B) The average identification accuracy for the stiffness identification
task. Bars represent the average across the group, while individual averages are shown as points. Error bars are
one standard deviation. Data for voluntary-close body-powered devices and multi-articulated myoelectric hands are
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chance. There was a significant limb effect across conditions, indicated by a ‘*’ on the y-axis label, and a significant
limb × feedback type interaction (p < 0.001). ‘†’ and ‘‡’ indicate large and medium effect sizes for the pairwise
comparison between body-powered and myoelectric prostheses, respectively.

2.4 Discussion

This study quantified the incidental feedback available to individuals using their own body-

powered or myoelectric prostheses by having participants complete both a grasp aperture matching

task and a stiffness identification task under various feedback conditions. When matching grasp

apertures, limb type had a greater effect on performance than feedback type. Those using body-

powered prostheses were more accurate than those using myoelectric prostheses, regardless of

feedback type. Regardless of limb type, all supplemental feedback improved performance com-

pared to the no feedback condition. When identifying stiffnesses using visual cues alone, all limb

types had similar accuracy. Predictably, when participants identified stiffness using force cues
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alone there was a large limb type effect. Those using anatomical limbs identified stiffness most

accurately and those using a myoelectric prosthesis identified stiffness least accurately. These re-

sults suggest that individuals using either prosthesis type are able to use any feedback available to

detect a contact event, but myoelectric prostheses do not provide sufficient force feedback to assess

stiffness.

Regardless of whether visual, vibrotactile, or force feedback was provided, participants using

myoelectric prostheses were less accurate and more variable at matching grasp apertures than those

using body-powered prostheses. However, most participants were able to use any feedback modal-

ity to improve their performance relative to the no feedback condition. The parity across feedback

conditions may be due to the way in which the feedback was provided. Feedback was binary, in-

dicating that participants were either “too wide” or “too narrow”. While this does not necessarily

represent natural grasping in an anatomical hand, discrete cues have been used in upper limb pros-

thetics research [30, 82] and enable us to make more direct comparisons between feedback types.

In fact, one study demonstrated that discrete vibrotactile feedback was utilized by participants even

when continuous auditory feedback was available [44]. However, it is unclear in such studies if

differences in performance are due to differences in the presentation of feedback or due to differ-

ences in the feedback modality. For example, in many studies that provide natural visual feedback,

the visual feedback condition typically gives participants real-time information on hand position,

hand velocity, and target position [25, 13]. Other feedback modalities, typically vibrotactile [25]

or force feedback [13], are typically scaled to end effector pose or to the error between the current

end effector pose and a target pose. Therefore differences in performance may be combinations

of differences in feedback modality as well as differences in the amount of information or noise

present in a modality by nature of how it is presented.

Participants using myoelectric devices were not less accurate at matching grasp apertures when

using force feedback compared to other feedback modalities as hypothesized. Anecdotally, myo-

electric devices do not provide force feedback of grip force [18, 35] so when we provided force

feedback to individuals using their myoelectric device to match grasp apertures we expected little

27



to no increase in accuracy compared to when they received no feedback. Surprisingly, myoelectric

prosthesis users made use of any type of feedback, including force feedback, to improve grasp

aperture matching performance relative to no feedback. When asked after completing the exper-

iment, participants reported feeling interaction forces between their residual limb and prosthetic

socket, particularly for medium and large apertures. Socket interaction forces have been discussed

previously as one of many incidental cues available to body-powered and myoelectric prosthesis

users [24]. However, the utility of these socket interaction forces in functional tasks has not been

widely quantified in the literature.

Participant ability to identify object stiffness was impacted by limb type in the force feedback

condition, but did not significantly vary between limb types in the visual feedback condition. Par-

ticipants, regardless of limb type, were moderately accurate (∼60% accurate) when identifying an

object’s stiffness using visual feedback alone. Under the visual feedback condition, large mis-

classifications (mistaking low and high stiffnesses) were also uncommon. A previous study of

healthy individuals using prosthetic emulators found that participants could only identify three ob-

jects stiffness at 43% accuracy with visual feedback alone [15]. However, these individuals were

manipulating physical sponges which would deform less consistently and with greater nonlinearity

than our virtually-rendered, ideal springs.

Notably, identifying stiffness using visual feedback alone was the only condition in which par-

ticipants using myoelectric prostheses were nominally more accurate than any other group. Pre-

vious evidence shows that prosthesis use, in general, demands a greater reliance on visual feed-

back compared to anatomical limb use [24, 18]. However, no particular advantage in the use of

visual feedback has been empirically shown for either body-powered or myoelectric prostheses

when grasping objects. While our results may indicate that those using myoelectric prostheses

are marginally more sensitive to visual feedback for identifying object stiffness, our experimental

setup obscures the view of the end effector. This is relevant as body-powered end effectors typi-

cally obscure grasped objects less than myoelectric end effectors [18]. It should also be noted that

during the visual condition, we still applied a retraction force to facilitate multiple probes of the
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virtual object within a trial. While we explicitly instructed participants to only use visual feedback

to identify stiffness in the visual condition, it is possible that the retraction force was interpreted as

a cue by some participants.

In contrast to the visual-only feedback condition, when participants used only force feedback to

identify stiffness there were differences in performance between limb types. As expected, individ-

uals using body-powered prostheses were more accurate than those using myoelectric prostheses,

and both were less accurate than those using their anatomical limbs. This agrees both with anec-

dotal evidence [18, 35] as well as with previous work in which healthy individuals were provided

with force feedback through prosthetic emulators [15]. Notably, those using myoelectric prosthe-

ses performed close to chance when determining stiffness using force feedback. This indicates that

identifications were made almost randomly, which is supported by the nearly even distribution of

percentages in the myoelectric force confusion matrix. Participants also did not report being able

to take cues from socket forces, as they were able to do in the grasp aperture matching task. More

than any other result, the inability of those using myoelectric prostheses to detect object stiffness

indicates a gap in the functionality of current myoelectric devices that needs to be addressed.

We found the utility of feedback modalities in this study to vary across both prosthesis type

and the task in which the feedback was presented. Primarily, participants using myoelectric pros-

theses were able to use force feedback to improve their grasp aperture error, but not to identify

object stiffnesses. This supports previous findings that discrete cues can facilitate more accurate

and reliable grasping in prosthesis users [30, 82, 1]. However, stiffness is a relationship between

displacement and force, and this continuous relationship cannot be represented through discrete

cues alone. When an individual uses a common myoelectric prosthesis, they may have unreliable

control over their hand position due to noise in their muscle signals or a discrete set of possible

hand positions. In contrast, body-powered prostheses and anatomical hands have no inherent noise

that would impact their control, and are both analog in nature. The less reliable feed-forward con-

trol of myoelectric devices necessitates more use of feedback to close the control loop [113]. Thus,

even if individuals using a myoelectric prosthesis could feel socket forces, they may also require
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some sense of hand position or velocity to accurately discern stiffness.

This study has several limitations. First, the small sample size limits the degree to which we can

generalize our findings. Given the large number of conditions, we did not have the degrees of free-

dom for post-hoc pairwise comparisons. Instead, we calculated effect sizes for these comparisons.

These can be used to power future studies comparing these feedback types directly. The small sam-

ple we recruited was also quite heterogeneous in the types of prostheses they used, their cause of

limb deficiency, age, and their prosthetic experience. Each of these factors may affect neuroplastic-

ity [41, 49, 80], and, correspondingly, their sensitivity to feedback. Additionally, the participants

in this study may not represent the amputee population in terms of prosthetic experience. At the

clinic we recruited from, the standard of practice is to first prescribe a body-powered prosthesis

and then, if deemed medically necessary and covered by insurance, a myoelectric device. For this

reason, all participants who used a myoelectric prosthesis in the study have some experience with

a body-powered prosthesis, but not vice versa. Therefore we cannot make generalizations to “my-

oelectric users” or “body-powered users”. Finally, our study was limited in its ability to decouple

how feed-forward control and sensory feedback each contributed to task performance, particularly

in the grasp aperture matching task. The resolution of possible hand positions for a myoelectric

device may be significantly less than that of a body-powered prosthesis which has a continuous

range of positions. Future work might eliminate, or at least control for, differences in feed-forward

control in order to better isolate the impact of feedback on prosthetic function.

2.5 Conclusion

This work directly compares the utility of different feedback modalities for body-powered and

myoelectric prosthesis users across two functional tasks. This work also supports previous anec-

dotal evidence [18] that individuals using a body-powered prosthesis receive more incidental haptic

feedback and a greater degree of proprioception than individuals using a myoelectric prosthesis.

When presented with the exact same force feedback, whether that was discrete or continuous, in-
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dividuals using a body-powered prosthesis were more accurate and less variable than those using a

myoelectric prosthesis. Of note, however, myoelectric prosthesis users were able to use incidental

force feedback to improve their performance compared to when they had no feedback available

when matching grasp apertures. We hope our findings can lead to novel prosthetic designs that

augment a user’s existing incidental feedback with supplemental force feedback or more explicit

proprioceptive cues. In doing so, we may be able to reduce user dependence on visual feedback

and ultimately improve prosthetic function.
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CHAPTER 3

Artificial Referred Sensation in Upper and Lower

Limb Prosthesis Users: A Systematic Review

This work has been published in JNE [56]1

Abstract

Electrical stimulation can induce sensation in the phantom limb of individuals with amputation. It

is difficult to generalize existing findings as there are many approaches to delivering stimulation

and to assessing the characteristics and benefits of sensation. Therefore, the goal of this systematic

review was to explore the stimulation parameters that effectively elicited referred sensation, the

qualities of elicited sensation, and how the utility of referred sensation was assessed. We searched

PubMed, Web of Science, and Engineering Village through January of 2022 to identify relevant

papers. We included papers which electrically induced referred sensation in individuals with limb

loss and excluded papers that did not contain stimulation parameters or outcome measures pertain-

ing to stimulation. We extracted information on participant demographics, stimulation approaches,

and participant outcomes. After applying exclusion criteria, 49 papers were included covering nine

stimulation methods. Amplitude was the most commonly adjusted parameter (n = 25), followed by

frequency (n = 22), and pulse width (n = 15). Of the 63 reports of sensation quality, most reported

1Gonzalez, Michael, et al. “Artificial referred sensation in upper and lower limb prosthesis users: a systematic
review.” Journal of Neural Engineering (2022).
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feelings of pressure (n = 52), paresthesia (n = 48), or vibration (n = 40) while less than half (n = 29)

reported a sense of position or movement. Most papers evaluated the functional benefits of sen-

sation (n = 33) using force matching or object identification tasks, while fewer papers quantified

subjective measures (n = 16) such as pain or embodiment. Only 15 studies (36%) observed percept

intensity, quality, or location over multiple sessions. Most studies that measured functional per-

formance demonstrated some benefit to providing participants with sensory feedback. However,

few studies could experimentally manipulate sensation location or quality. Direct comparisons be-

tween studies were limited by variability in methodologies and outcome measures. As such, we

offer recommendations to aid in more standardized reporting for future research.

3.1 Introduction

People who have lost a limb are able to navigate their environment and interact with objects by us-

ing a prosthetic device. These individuals can still perform a variety of tasks successfully, however

their performance is often limited by the lack of sensory feedback available through their pros-

thesis. While most commercially available prostheses transmit incidental feedback such as socket

normal forces or auditory cues [24], they convey much less sensory feedback than an anatomical

limb [6, 57]. This lack of feedback contributes to reduced performance during grasping tasks in

upper limb prosthesis users [57, 112, 16] and reduced walking speed, symmetry, and balance in

lower limb prosthesis users [107], compared to individuals without amputation. Existing methods

for providing supplemental feedback to prosthesis users are largely constrained to use in research

settings [46], and there is little consensus on how best to translate these methods into everyday use.

3.1.1 Approaches to delivering prosthetic feedback

The most common method for providing a prosthesis user with additional sensory feedback is

via sensory substitution [6, 79, 75]. In this approach, prosthetic state variables (e.g. grip force,

finger position) are explicitly presented to a prosthesis user through some alternate modality (e.g.
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vibration, pressure). For example, prosthetic pressure sensor signals from the thumb and index

finger can be mapped to the amplitude of a vibro- or mechanotactor on the residual limb [6].

Successful sensory substitution has been shown to reduce upper limb prosthesis users’ reliance on

visual feedback [118, 79] and improve performance in various functinoal tasks [118, 79, 31, 83].

However, prosthesis users must be trained to make this mapping, which requires conscious effort

that may affect functional performance [120].

Researchers have continued to explore different approaches to improve the quality (i.e. natural-

ness) of sensation provided. Different approaches may provide sensation that matches the location

of a stimulus (i.e. somatotopic sensation), the modality of a stimulus (i.e. homologous sensa-

tion), or both in the ideal case of naturalistic sensation [37]. While homologous sensation can be

achieved non-invasively through mechanotactors and exoskeletons [6], somatotopic sensation is

typically achieved through stimulation of the neural pathways that once innervated a missing limb

[118] to refer sensation to the individual’s phantom limb.

In some cases, cortical and peripheral nerve reorganization post-amputation can result in phan-

tom projection maps that can be used to elicit referred sensation. These maps are areas of the resid-

ual limb (or face, in some cases) that refer sensation to an individual’s phantom hand or leg [4, 11].

However, not all individuals who undergo amputation naturally develop phantom projection maps

[4]. Artificial phantom projection maps can be created through targeted muscle reinnervation, a

procedure in which nerves in the residual limb are redirected to a partially deinnervated muscle

[77]. This technique can be further specialized to redirect nerves in the residual limb to specific

target cutaneous nerves in a process called targeted sensory reinnervation. This process can restore

highly specific phantom hand sensations [64]. In all cases the phantom map is highly specific to

the individual. This makes comparing phantom projection maps between participants and studies

difficult, and limits the extent to which these findings can be generalized.

Another way to elicit referred sensation is to electrically stimulate the peripheral nervous

system. Electrical stimulation approaches vary in terms of their invasiveness and precision

[107, 62, 87]. Surface techniques, like Transcutaneous Electrical Nerve Stimulation (TENS), acti-
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vate nerve fibers from the surface of the skin [123]. Other methods require surgery to either implant

electrodes that wrap around the nerve trunk [126] (extraneural) or penetrate the nerve trunk for di-

rect contact with targeted nerve fibers [14] (transneural). Recent literature reviews describing

prosthetic sensation have reported that more invasive techniques like transneural stimulation are

more “selective” than extraneural or surface stimulation [8, 62, 107]. In this context, selectivity

is used to describe how small of an area a given sensation is, however no specific measures of

selectivity were provided.

Regardless of the technology chosen to elicit sensation, electrical stimulation is accomplished

by sending pulses defined by a stimulation waveform. Most stimulation waveforms are described

by their amplitude, pulse width, and frequency. Modulating these parameters can affect the loca-

tion, intensity, and modality of sensation [118, 107]. Charge (measured in Coulombs) is a prod-

uct of amplitude and pulse width, and is primarily associated with the perceived intensity of a

referred sensation. Frequency dictates the number of times a waveform (both the negative and pos-

itive phases of the waveform in biphasic stimulation) occurs per second, which affects the overall

amount of charge delivered per second [62, 61]. Charge per pulse and charge per second are criti-

cal factors governing stimulation safety, as excess charge density could result in damage to tissue

or to the electrode itself [86, 62]. Other stimulation parameters include interpulse intervals (time

between pulse phases) and the overall length of each pulse train (how long stimulation is active

for). These parameters are not as frequently reported or experimentally adjusted. While the direct

effects of different stimulation parameters on action potential generation has been well established

[62], it remains unclear how to modulate these parameters individually and in combination to im-

prove the participants experience of referred sensation, to manipulate stimulation quality, or if

different parameters offer distinct functional benefits.

3.1.2 Scope of the review

There are several recent literature reviews and expert reviews describing prosthetic sensation. A

comprehensive discussion of the physiology behind sensation in an intact limb can be found in
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[100, 9, 107], and the role that sensation plays in the human motor control loop can be found

in [120, 24]. The technologies that are currently being used to elicit sensation through electrical

stimulation are well described and illustrated in [100, 47, 9, 120, 107, 62]. Additionally, prior

literature reviews have compared perceived sensation locations and qualities [107], described the

biocompatibilty and physical makeup of different peripheral nerve interfaces [107], and discussed

how stimulation parameters may affect participant safety during stimulation [107, 62].

Collectively, prior reviews suggest that electrical stimulation methods are safe and effective

at improving performance in a variety of standardized functional tests and sensory-specific as-

sessments [107, 9, 100] and can improve measures of embodiment [9, 120] for prosthesis users.

However, none of these reviews describe the specifics of the stimulation parameters needed to gen-

erate these outcomes, nor how these choices may differ between technological approaches. Only

one review discussed specific stimulation parameter ranges [62]. This paper focused specifically

on the safety of the stimulation in terms of preventing electrode corrosion or tissue damage. As

such, they did not discuss any functional outcomes. Furthermore, two reviews specifically noted

the lack of common outcome measures and the difficulty in comparing results between different

studies [9, 107]. Most prior reviews were also focused exclusively on upper limb prosthesis users

[100, 9, 120], though lower limb prosthesis users make up a larger population [143] and could still

benefit from sensory feedback [107]. Finally, none of these reviews were systematic, which makes

it difficult to generalize findings in a field where the majority of studies are conducted with three

or fewer participants.

3.1.3 Statement of purpose

This systematic literature review was performed to complement existing reviews by applying a sys-

tematic approach to determining the functional requirements for eliciting referred sensation using

electrical stimulation. These requirements included specific parameters used in stimulation (e.g.,

frequency, amplitude, pulse width), the shape of the stimulation waveform, and encoding param-

eters for incorporating referred sensation into bi-directional prosthetic control. These parameters
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have not been systematically analyzed in previous work. Additionally, the focus on referred sen-

sation, rather than any specific category of technology, results in the inclusion of non-invasive

stimulation studies (e.g. those using TENS) which have been excluded from previous reviews

[107, 62]. This review describes the quantitative and qualitative methods used to characterize the

elicited referred sensation, and the functional outcome measures used to evaluate its benefits.

Through this literature review, we hoped to answer the questions: What current methods can

produce and affect characteristics of referred sensation in individuals with amputation? How can

electrical stimulation be incorporated into bi-directional prostheses? and How is referred sensa-

tion currently evaluated in the field? We believe answering these questions can benefit the field

by providing a starting point for parameters needed in future studies, a summary of approaches

used for assessment, and a direct comparison of different approaches so that researchers can deter-

mine the best technology for their application. In doing so, we hope to help standardize research

practices and facilitate better comparisons and collaborations between studies and research groups.

3.2 Methods

3.2.1 Search Strategy

We searched PubMed (1962–2022), Web of Science (1973–2022), and Engineering Village

(1962–2022) for journal articles and conference papers in English in March 2021, and again in

January 2022. The search terms used were:

((feedback OR stimul*) OR (touch OR sens*)) AND (prosthe* AND amput*)

Where * identifies all words with that root. The field tag “TS” for Topic Search was added to these

terms as needed for the Web of Science search. We then used Litmaps, a bibliography analysis

tool, to identify papers that were commonly cited but did not appear in our database search.
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3.2.2 Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria
Study Popula-
tion

Individuals with limb loss Non-human studies

Stimulation
Methods

Feedback delivered through
electrical signals

Studies that did not provide
parameters for stimulation

Studies that induced referred
sensation

Studies that did not provide
outcome measures related to
stimulation

Studies stimulated a phantom
map

Publication
Type

Peer-reviewed Journal Articles Literature Reviews

Articles in English Expert Reviews

Table 3.1: Inclusion and exclusion criteria used for screening papers.

The inclusion and exclusion criteria for each paper fell into three categories: study population,

stimulation methodology, and publication type (Table 3.1). All included articles had to discuss

sensation that was referred to the phantom limb. Our inclusion criteria also required feedback

to be delivered through digital, electrical signals, as we were specifically interested in comparing

waveforms and stimulation parameters across papers. Since we were interested in descriptions

of sensory percepts coming from a phantom limb we also required studies to have at least one

individual with amputation.

We eliminated animal studies due to the inability to acquire subjective responses. We also

eliminated papers that did not provide any stimulation parameters or did not evaluate at least one

outcome measure based on stimulation parameters. Finally, we excluded studies that stimulated

phantom projection maps, whether they were naturally occurring or created through targeted rein-

nervation. Phantom maps are specific to an individual and do not occur in well established locations

or patterns. As such, sensations felt via the stimulation of phantom maps are difficult to compare

between individuals or studies.
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3.2.3 Screening and Data Extraction

Category Data Extracted Description
Participant
Details

Number of partici-
pants

How many participants with amputation were
stimulated in the study, and for which data was
recorded

Demographics The age, sex, and level of amputation for each
participant

Study duration The total time participants spent in a study,
typically determined by the time between their
first and last session

Experimental
Protocol

Stimulation param-
eters

The ranges of amplitude, frequency, pulse
width, and charge used in referred stimulation

Waveform The shape of the stimulation waveform, and
any particular qualities that define it such as
symmetry

Encoding strategy The way in which parameters like prosthetic
grip strength or pose are encoded into stimu-
lation parameters

Independent vari-
ables

The variables that were adjusted in order to
compare different conditions in an experi-
ment (e.g. stimulation parameters, partici-
pants, etc.)

Outcome
Measures

Sensory character-
istics

The intensity, area, and quality of sensations a
participant feels following stimulation

Functional tests Outcomes intended to demonstrate functional
benefits or closed loop control (e.g. object
identification, activies of daily living)

Subjective mea-
sures

Questionaires or surveys capturing subjective
experience with sensation or with a sensation-
enabled prosthesis

Table 3.2: A list of the data extracted from each paper to include as part of this literature review.

After removing duplicates, papers were screened by title and abstract by two independent re-

viewers (M.G. and A.B.) based on eligibility criteria (Table 3.1). Remaining papers were then

screened based on their full text. A third reviewer (C.L.) resolved disagreements in an independent

review of the papers.

For each included paper, we extracted information regarding participants, experimental pro-
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tocol, and stimulation approach (Table 3.2). We first categorized each study by the technology

they used for stimulation and noted where stimulation was applied (i.e. nerve, muscle). We then

identified individual participant details, including their age, sex, level of amputation, time since

amputation, and time enrolled in the study. Importantly, study time does not necessarily equate to

implantation time, which was not reported in a majority of studies. Rather, study time refers to the

approximate length of time that data in the paper was collected for a particular participant. While

many studies also included non-amputee participants, here we only include the data from individ-

uals with amputation. When possible, we also noted instances in which the same participant was

included in multiple papers so as not to double count these participants in review totals or averages.

For details regarding the experimental protocol, we documented stimulation parameters, when

provided. Pulse amplitude was recorded in units of µA, pulse frequency was recorded in Hz, pulse

width was recorded in µs, and charge was recorded in nC. Parameter ranges were recorded for

each paper’s experimental protocol. For papers that provided a range of amplitude or pulse width,

but not both, charge ranges were calculated by taking the product of amplitude and pulse width

values. Charge could not be confidently calculated in papers that varied both amplitude and pulse

width due to uncertainty around how the parameters were co-varied (e.g. it is unlikely that a paper

would stimulate using the maximum values of each range).

We recorded which independent variables were varied in each study. Specifically, we identified

papers that varied any stimulation parameter (amplitude, frequency, pulse width, charge), whether

experiments tested different encoding strategies, and if experiments were run both with and without

stimulation.

We also extracted the outcome measures used to study the effect of different stimulation charac-

teristics. These outcomes included characteristics of sensation such as perceived area and quality

of evoked sensory percepts. To compare across studies, we converting sensory maps provided in

each relevant paper into a more discrete map (See supplemental materials). Due to the lack of

formalized surveys for reporting sensation qualities, or the perceived modality of referred sensa-

tion, we reported sensation qualities in discrete categories. These included paresthesia (unnatural
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sensations such as tingling or burning), vibration (pulsing or rhythmic sensations), pressure (in-

cluding any description of touch), and proprioception (any sense of movement or position of the

limb). The naturalness of sensation was not typically reported, however sensations of pressure,

proprioception, and vibration are all naturally occurring sensations, while paresthesia is explicitly

unnatural. Additionally, we recorded whether studies tracked outcome measures over multiple

experimental sessions.

3.3 Results

 

Full-text articles included 
(n = 49) 

Full-text articles excluded (n = 92) 
 
Expert literature review (n = 2) 
Non-human study (n = 5) 
No individuals with limb loss (n = 12) 
No locality-matched intervention (n = 16) 
No electrical stimulation (n = 9) 
No stimulation parameters reported (n = 10) 
No outcome measures related to 
somatotopic stimulation reported (n = 4) 
Stimulation of a phantom map (n = 21) 
Technical design papers/articles (n = 10) 
Unavailable online or via library (n = 3) 
 

Full-text articles assessed 
for eligibility 

(n = 141) 

Articles screened abstract 
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Records identified through database searching (n = 5221) 
PubMed (n = 1652) 
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Figure 3.1: PRISMA Flowchart of literature review process.
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A total of 5229 papers were identified by our search. After title, abstract, and full-text review,

we included 49 papers (3.1). Papers were then organized by level of amputation and year of

publication (Table 3.3).
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3.3.1 Stimulaton Technology
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Figure 3.2: Overview of reviewed stimulation technologies. A) Total number of studies conducted
using each stimulation technology. Some studies included multiple technologies, and as such are
double counted. Technologies are arranged from least invasive (left) to most invasive (right). B)
The number and distribution of studies conducted using each stimulation technology in individuals
with upper and lower limb amputation. C) The amount of time participants were enrolled in studies
conducted using each technology. Each circle represents the enrollment time of one individual.
Each solid, vertical line represents the average enrollment time reported across all individuals
stimulated with the respective technology. Dashed vertical lines indicate years.

Across included papers, there were nine stimulation methods used to inducing referred sen-

sation. These stimulation methods were categorized by invasiveness ranging from non-invasive

methods to maximally invasive methods (3.2A). Importantly, some studies included multiple stim-

ulation methods, and therefore were listed in multiple categories. Of these, only two directly

compared the outcomes of the different technologies [42, 105].

Transcutaneous Electrical Nerve Stimulation (TENS) and fine wire (Purple and blue in Fig-

ure 3.2, respectively) were the only two stimulation methods that did not involve surgical inter-

vention. Of these, only TENS was completely non-invasive. TENS involves stimulating muscles

or nerves from the surface of the skin. Notably, all reviewed TENS papers used “low intensity”
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stimulation designed to stimulate individuals with enough current to evoke a sensory percept. This

is typically less than the current used in TENS pain management experiments [29] and in ther-

apeutic contexts [70]. The fine wire approach involved inserting and stimulating fine wire elec-

trodes acutely. In the single fine wire paper we reviewed, fine wires were inserted into an agonist-

antagonist myoneural interface (AMI) at each visit and removed once experiments were completed

for the session [33].

The remaining technologies required some level of surgical intervention and are discussed in

order of their invasiveness. Epidural spinal stimulation (Green in Figure 3.2) required a minimally

invasive outpatient procedure to implant three leads into the epidural space on the dorsal side of

the C5-C8 spinal cord [20]. The leads remained implanted for up to 29 days, and were used to

evoke referred sensation in individuals with upper limb amputation.

Extraneural (“around the nerve”) technologies (Yellow in Figure 3.2) required more invasive

procedures to identify specific nerves, and are defined by the implantation of electrodes that wrap

around the nerve. These technologies included nerve cuffs that conform to the outside of the

nerve [2, 84, 95] and Flat Interface Nerve Electrodes (FINEs) [23, 27, 28, 121]. FINEs compress

the nerve to reduce its internal volume and provide better electrode coverage. In several papers,

participants were implanted with with both cuffs and FINEs [127, 115, 126, 61, 60, 59].

Following extraneural technologies are intraneural (“within the nerve”) technologies (Orange

in Figure 3.2), which we define as any approach that inserts an electrode into the nerve, but does

not pierce any nerve fascicles. The only technology in this category was Longitudinal IntraFasci-

cular Electrodes (LIFEs) which are created from Teflon insulated wire in which a small section of

insulation is removed to create an active electrode site [10, 67, 40]. These flexible wires can then

be inserted into a nerve, running parallel to the nerve fascicles. The end of the wire which exits the

skin is then sutured in place.

Finally, we defined transneural (“through the nerve”) technologies (Red in Figure 3.2) as a

subset of intraneural technologies that pierce the nerve in order to stimulate in several locations at

various depths across various fascicles. There were three specific transneural technologies used in
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the literature. The first two are similar in that they contain a series of active sites arranged along

the length of a spike that is inserted through the nerve. Transverse Intrafascicular Multi-channel

Electrodes (TIME) [42, 32, 102] have sites on one side of the spike, while double-sided filament

electrodes (ds-FILE) have active sites on each side of a spike [144, 105]. The third transneural

technology was the Utah Slanted Electrode Array (USEA), which consists of a 10x10 grid of

electrode spikes at depths varying from 0.5–1.5mm [97, 38, 52]. The USEA penetrates a nerve and

provides active sites at several points along the nerve, as well as at different depths.

3.3.2 Participant Details

The papers included were primarily made up of case studies, with 84% of papers having three

or fewer participants. The papers were predominantly focused on stimulation of individuals with

upper limb amputation (36 papers) compared to lower limb (12 papers) (Figure 3.2B). One study

included two participants with upper limb amputation and two participants with lower limb ampu-

tation [28].

A total of 93 individuals with amputation who underwent sensory stimulation were studied

across all papers in this review, 14 of which participated in multiple reviewed studies. Participants

were predominantly middle-aged (46.0 ± 11.5 years) and male (68M/19F), with nine participants

of unspecified age and six participants of unspecified sex. All participants had acquired ampu-

tation of varying levels (i.e. no studies stimulated individuals with congenital limb deficiency).

The plurality of individuals across the reviewed papers had transradial amputations (44.1%), fol-

lowed by transhumeral amputation (20.4%), transtibial amputation (18.3%), wrist disarticulation

(6.5%), partial hand amputation (5.4%), transfemoral amputation (4.3%), and a single individual

with shoulder disarticulation (1.1%). The majority of participants had an upper limb amputation

(77.5%) compared to those with lower limb amputation (22.5%), which roughly matches the per-

centages of papers focused on the upper and lower limb, respectively (Figure 3.2B).

The technologies studied in the most participants were FINEs (n = 19), TIMEs (n = 18), LIFEs

(n = 17 participants), and TENS (n = 16). These were followed by cuffs (n = 11) and USEAs (n =
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9), with only a single paper studying epidural spinal stimulation (n = 4). One paper used fine wire

intramuscular to stimulate an agonist-antagonist myoneural interface (AMI) in a single participant

(n = 1) [33]. This is a distinctly different approach compared to other stimulation methods, as here

the electrical stimulation causes the muscle to contract and pull on the opposing muscle through

its tendon connection.

Three papers consisted of only a single session, while the longest study was a longitudinal study

lasting 3.3 years. Across all papers the average study length was 28.5 weeks, or approximately 6.5

months (Figure 3.2C). Extraneural technologies had the longest average and maximum study times

(Figure 3.2C). FINEs had an average participant study time of 43 weeks with a maximum study

time of 173 weeks. Cuffs had an average participant study time of 63 weeks, and also had a

maximum study time of 173 weeks in the same study [115].

3.3.3 Experimental Protocol
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3.3.3.1 Stimulation Parameters

Across all stimulation methods, researchers varied amplitudes from 0 to 12000 µA, with the ma-

jority of studies in the 0 to 1200 µA range (Figure 3.3A). The only technology used to stimulate

across the full range was TENS. Studies using intramuscular and epidural spinal stimulation stim-

ulated across the majority of the range, while those using transneural methods only stimulated over

a range of 0 to 1200 µA. Intraneural methods had the smallest range of 0 to 200 µA.

Studies varied pulse width from 0 to 1000 µs across all technologies, with the majority of studies

in the 0 to 250 µs range (Figure 3.3B). Both epidural spinal stimulation and surface methods were

used to stimulate across the full range, while transneural and extraneural technologies were used

over a much smaller range (0 to 320 µs, 0 to 255 µs, respectively). Of note, several studies

specifically used a pulse width of 200 µs, and there was also a slight uptick at 400 µs. Though

no specific justification was given, it is notable that 100, 200, and 400 µs are standard settings on

many stimulation devices.

Charge, measured in nC, is an important parameter for stimulation because it is often used to

determine safety limitations for stimulation. Some studies specified charge limits citing electrode

manufacturer recommendations [106, 101]. Studies using LIFEs [10, 110], TIMEs [42, 131, 101],

and FINEs [126, 27] declared safety limits based on the size or materials used in making the

electrodes. However, these papers did not specify how these limits were determined. Additionally,

no human trials were cited in determining electrode limits, and all papers reached pre-set parameter

limits or subjective pain/discomfort limits before reaching their charge limitations [42, 127, 103].

The charges used ranged from 0 to 21000 nC across all technologies, however the majority of

studies operated in the 0 to 400 nC range (Figure 3.3C). TENS used the widest range of charges

across all methods. All extraneural, intraneural, and transneural methods stimulated at 1300 nC or

less, which is less than the maximum charge used by surface stimulation methods by an order of

magnitude.

Finally, the range of frequencies studied was 0 to 1000 Hz, with the majority of studies using a 0

to 200 Hz range (Figure 3.3D). In contrast to amplitude, pulse width, and charge, the widest range
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of stimulation frequencies was explored in studies using transneural and extraneural technologies

rather than surface methods (e.g. TENS). Instead, surface methods used the smallest frequency

range of 0 to 150 Hz, while the single intramuscular study stimulated with a frequency of 50 Hz.

Amplitude and frequency parameter ranges were the same for experiments involving individ-

uals with upper and lower limb amputation. The maximum pulse width used in an upper limb

experiment was higher that the maximum used in any lower limb experiment, however the most

common pulse width for both upper and lower limb experiments was 200 µs. Additionally, the one

study that included both individuals with upper limb amputation and those with lower limb ampu-

tation did not adjust stimulation parameters specifically depending on limb, and did not report any

differences in the parameters required to elicit sensation [28].

Current and charge ranges for each technology may also provide expected values for the power

consumption of implantable stimulation systems. While TENS clearly requires a greater average

amount of current than other technologies (4,254 µA), it also has the benefit of applying stimu-

lation non-invasively, and can depend on external batteries. However, for biologically safe, im-

plantable batteries that have a smaller capacity, efficiency of stimulation may be relevant to how

much the stimulation system can be used. Epidural spinal stimulation requires almost as much

current as TENS (2,150 µA) which may be restrictive to its use. Intramuscular stimulation of an

AMI required, on average, 4,500 µA, however this was only in a single individual and may not

be indicative of how AMIs are stimulated in the future. Of the implantable nerve interfaces ex-

traneural methods required the greatest average level of current (672 µA), followed by transneural

stimulation methods (278 µA). Curiously, intraneural stimulation via TIMEs required less current

on average (70 µA) compared than transneural methods. These values are relevant because stim-

ulation current may not only affect battery draw over a single charge, but also the rate of battery

capacity loss over time [51].
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3.3.3.2 Waveform

All studies that included waveform details reported using a square, charge-balanced, biphasic,

cathodal-first stimulation waveform. Square waves are the simplest waveform to generate, and by

charge-balancing the cathodic and anodic waveform phases (maintain equal area under the curve

for each phase) charge cannot build up, which could lead to electrode dissolution or tissue de-

construction. The cathodic phase is then presented first as it typically results in lower sensory

thresholds for the same amount of overall charge [43]. Charge-balanced waveforms can also be

described as either symmetric (equal amplitude and pulse width across both phases) or asymmetric

(different amplitudes and pulse widths, but the same product of both values across both phases).

Only 21 of the 49 studies reported whether or not waveforms were symmetrical (i.e. identical am-

plitude and pulse width for the cathodal and anodal phases). Of these, 8 used symmetric waveforms

and 13 used asymmetric waveforms.

3.3.3.3 Encoding Strategy

While the instantaneous shape of a waveform is defined by a set of stimulation parameters, par-

ticipants are only able to receive meaningful feedback by varying waveform parameters according

to some external input. This typically means encoding prosthetic sensor readings into stimulation

parameters. The simplest method of providing feedback is through a binary encoding strategy, in

which stimulation defined by static parameters is triggered discretely. Binary encoding is typically

triggered in response to a contact event [52, 84].

Most research studies that continuously encoded sensor data into stimulation parameters did so

through linear encoding. Linear encoding was typically achieved by mapping a range of sensor

values to a range of stimulation parameters. Commonly, stimulation and discomfort thresholds

were used for the stimulation parameter ranges. In this way, a sensor value of zero would not

result in any stimulation, and a maximum sensor value would have a perceived intensity that is just

lower than an individual’s discomfort threshold.

A total of 13 studies encoded sensor values linearly with amplitude [42, 103, 32, 33, 106, 144,
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104, 133, 84, 132, 102, 130], which allowed participants with upper limb amputation to prevent

object slippage [144] and match target force profiles [132, 32]. Participants with lower limb am-

putation could also receive some pressure feedback via linear amplitude encoding. Compared to

no feedback, feedback enabled users to climb stairs faster and traverse uneven terrain with fewer

falls [103], and reduced metabolic cost during walking [102].

Only 4 studies encoded values linearly with pulse width [61, 37, 122, 26]. In these studies

participants with upper limb amputation were able to perceive a continuous sense of intensity [61]

and improved ability to match target force profiles [37, 122]. This type of feedback also enabled

participants with lower limb amputation to better detect unseen ground features while walking

[26].

Seven studies encoded values linearly with frequency [132, 60, 67, 97, 61, 117, 115]. In these

studies, participants could detect when objects were placed in their prosthetic hand [115], and

led to increased estimated limb length which indicates greater levels of prosthetic embodiment

[97, 60]. Furthermore, in one take-home study that used linearly modulated frequency, sensation

led to increased prosthesis wear time compared to a no feedback condition [60]. Object size and

stiffness identification could also be performed at better than chance levels when sensor values

were encoded into amplitude [42, 132], pulse width [37], or frequency [132, 60, 117].

Two studies explored “biomimetic” encoding strategies based on simulations in TouchSim

(Bensmaia Lab, Chicago, IL, USA) [52, 131]. This strategy was designed to replicate how nerves

fire when they encounter a stimulus. In the first study, George et al. detailed two encoding strate-

gies based on this approach. First, they varied both the amplitude and frequency of stimulation

based on absolute sensor value and on the positive rate of change of the sensor [52]. Their second

encoding strategy incorporated contact stimulus position, velocity, and acceleration and was devel-

oped using the neural recordings of nonhuman primate as they touched objects [92]. In both cases,

when the biomimetic encoder was used, the single participant could identify object compliance

more quickly and could generate force through a prosthetic hand more consistently compared to

linear or binary encoding strategies [52]. In the second study, Valle et al. [131] took inspiration
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from neuron firing rate in order to manipulate frequency in conjunction with amplitude, with their

second model utilizing non-linear amplitude mapping to highlight state changes associated with

contact events. Using these biomimetic encoding strategies, participants demonstrated improved

accuracy on a test of manual dexterity (Virtual Eggs Test) and perceived the sensation as more

natural than linearly encoded amplitude modulation [131].

While not strictly a sensory encoding strategy, one group experimented with a stimulation wave-

form that modulated pulse width using a sinusoid [127]. This modulation was designed to mimic

natural activation patterns observed in response to constant pressure stimuli. Participants in this

study experienced paresthesia when pulse width was not modulated. When pulse width was full-

scale modulated (between 0–100% of max pulse width), it resolved the paresthesia into a sensation

of vibration. Furthermore, small-scale modulation of pulse width (modulation of approximately 5

µs centered at 90% of max pulse width) resolved into a sensation of constant pressure, specifically

when the referred sensation was in an area of glabrous skin (areas where skin would have little to no

hair). This pulse width modulation was utilized by two other reviewed studies by the same group,

and in both studies participants also reported naturalistic pressure sensations [117, 115]. However,

attempts to replicate these findings through pulse width, amplitude, or frequency modulation found

no changes in percept quality between the various conditions [95].

3.3.3.4 Independent Variables

We identified seven independent variables of interest and eight broadly defined outcome mea-

sures used across all reviewed papers (Table 3.3). Specifically, we aggregated which independent

variables were evaluated using different outcome measures (Figure 3.5). The most common stim-

ulation parameters to experimentally vary or report across the reviewed papers were amplitude (n

= 26) and frequency (n = 23). Less common were papers that experimentally varied or reported

pulse width (n = 16). There were 13 studies that experimentally varied charge, however charge

is varied through a combination of amplitude or pulse width changes, and which parameter was

experimentally varied was not always explicitly stated. Seven studies evaluated quantitative and
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qualitative differences between various encoding strategies. Twenty studies ran experiments both

with and without stimulation to evaluate the functional benefits of sensation. Finally, 21 studies

tracked at least one outcome measure over time.

3.3.4 Outcome Measures
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Figure 3.4: Perceived sensations by individuals across all reviewed studies. A) Heat maps of the
location of perceived location for stimulation of the median and ulnar nerve. B) Heat maps of
the location of perceived location for stimulation of the radial, sciatic, tibial, and peroneal nerves.
For upper limb hand maps, reported locations for TENS were not included due to their lack of
specificity. Reports based on TENS were included for lower limb foot maps due to the lack of other
reported sensation locations. Dark regions indicate areas where no participants reported sensation.
Scale maximums are based on total number of sensation reports across all papers. C) The number
of reports for each broad category of sensation, broken down by participants with upper and lower
amputations. Reports were either for individual participants, or for studies that did not differentiate
between participants. Proprioception includes perceived movement and position of the phantom
hand. Touch includes any description of touch or pressure. Vibration includes pulsing, buzzing, or
any unnatural sensation with some rhythmic quality. Paresthesia includes all other general tingling,
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3.3.4.1 Sensory characteristics

Perceived sensation locations were reported much more frequently for the median (n = 39) and

ulnar (n = 27) (Figure 3.4A) nerves compared to the radial, sciatic, tibial, or common peroneal

nerves (Figure 3.4B). Percept areas were reported for all five TENS papers [37, 36, 122, 99, 96],

the only spinal stimulation paper [20], two of the five LIFE papers [39, 110], four of the five

USEA papers, and several papers that stimulated participants via FINEs (n = 6), cuffs (n = 4),

and TIMEs (n = 8). While several other papers did report areas of perceived location, they were

excluded from our summary as they did not specify which nerves were stimulated to evoke specific

areas. For example, one upper limb paper did not differentiate areas that were perceived from

stimulation of the ulnar or median nerve [52]. More commonly, several lower limb papers did not

explicitly differentiate between perceived sensation areas resulting from stimulation of the tibial

nerve or stimulation of the sciatic or peroneal nerve branches when presenting maps of perceived

sensation [103, 27, 121, 99, 26]. See Table 3.3 for specific papers that reported perceived locations
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of sensation.

Sensation locations for the median nerve in healthy individuals are typically spread throughout

the palmar side of the thumb, the 2nd (index), 3rd (middle), and 4th (ring) digits, and the area of the

palm proximal to these digits. Additionally, there are innervation regions on the dorsal side of the

thumb, 2nd, and 3rd digits. We generated images using data compiled from 39 studies stimulating

the median nerve. Data came from individual participants or studies that aggregated sensation

locations without disambiguating individuals. The most common regions in which participants

reported sensation were the distal phalanx of the index finger (24 reports), the thenar eminence

(base of the thumb) (24 reports), and the distal phalanx of the thumb (23 reports). This means that

stimulation of any given active site has an approximately 61% chance of stimulating one of those

regions.

The innervation regions for the ulnar nerve in healthy individuals are restricted to the 4th and

5th (small) digits, as well as the area of the palm proximal to the 4th and 5th digits. Unlike

the median nerve, the dorsal innervation region for the ulnar nerve mirrors the palmar region.

We again compiled stimulation studies targeting the ulnar nerve from individual participants or

studies that aggregated sensation locations without disambiguating individuals (27 reports). The

most common regions in which participants reported sensation were the middle (24 reports) and

proximal (25 reports) phalanges of the 5th digit, as well as the hypothenar eminence (the side of the

palm proximal to the 5th digit) (20 and 24 reports for the upper and lower sections, respectively).

Therefore, the stimulation of any given active site has an approximately 93% chance of stimulating

one of these regions.

We also compiled reports of different percept qualities evoked through electrical stimulation.

Percept qualities were often reported for the entire cohort of a study (not by individual participant)

or for each participant (not by individual nerve). As a result, reported percepts were compiled

based only on the sensation modality and whether stimulation was targeting an upper or lower limb

(Figure 3.4C). Paresthesia and vibration are typically classified as less natural sensations, compared

to pressure and proprioception. Together, paresthesia and vibration accounted for the majority of
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percepts reported by individuals with upper limb amputation when they were stimulated (n = 44

and n = 40 for paresthesia and vibration, respectively) compared to 43 individuals who reported

pressure sensations and 24 individuals who reported some form of proprioception. Only 15 total

participants across 10 studies reported perceived sensations for the lower limb. Of these, pressure

was the most commonly reported sensation (n = 11), followed by paresthesia (n = 9), vibration (n

= 7), and proprioception (n = 7).

Of those individuals reporting proprioceptive percepts, 11 reported a sense of joint movement,

6 experienced twitching in their phantom limb, 10 experienced a sense of muscular contraction

(even when those muscles no longer existed), and one individual reported a sense of static joint po-

sition during stimulation [39]. Six individuals reported percepts of proprioception without further

specification.

3.3.4.2 Functional tests

The most commonly reported outcome measures were focused around the characterization of sen-

sory percepts themselves, while functional outcome measures were less common and measures of

prosthetic experience were the least common. The most prevalent outcome measure reported was

the area of perceived sensation during stimulation (n = 33 papers), though the majority of papers

typically reported how percept location changed due to different sites (n = 20) or participants (n

= 20) rather than a manipulation of any given stimulation parameters (n = 15). The next most

common measures quantified the stimulation threshold required for individuals to detect referred

sensation (n = 25) and the participants’ sensitivity to different levels of sensation (n = 26) either

through forced choice determination or tracking tasks. A total of 19 studies reported on the quality

of percepts that participants felt referred to their phantom limb, though three of these only reported

percept quality as brief lists or maps without additional context regarding the parameters used to

evoke the sensations [137, 52, 23].

The most common functional measure assessed was object identification (n = 13). This included

identifying object size [42, 117], shape [106, 133], or stiffness [106, 52]. There were 16 other
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papers that reported performance on some type of functional task. Upper limb functional tasks

included picking the stem off of a cherry [127], moving blocks under various conditions [37, 131,

144, 101], and a standardized clinical assessment of activities of daily living (AMULA) [60].

Lower limb functional tasks involved walking tasks for individuals using a sensorized lower limb

prosthesis [33, 103, 26, 102, 26, 102].

Many of the papers in this review measured participant performance in functional tasks with

and without any form of stimulation (n = 20). Of these, 17 found that stimulation significantly

improved performance in functional tasks including manual dexterity tasks [127, 131, 144], object

identification [67, 133, 60], prosthetic foot torque control [33, 26], and increased walking speed

[103, 102]. In the one take-home study included in this review, sensory feedback led to nomi-

nal increases in daily prosthesis wear time for both participants and significantly greater use of

the prosthesis (measured by how often the thumb pressure sensor was activated) for one partici-

pant during that wear time [60]. One lower limb study also found that stimulation increased the

load that individuals were placing on their prosthetic side, thereby decreasing loading asymmetry

during standing [121]. Finally, providing participants with stimulation resulted in a perceived in-

crease in the length of an individuals residual lower limb [21] which indicates a greater sense of

embodiment.

Of the 25 studies that included some form of physical or virtual bi-directional prosthetic task,

the majority of them blinded the participant (n = 17), or acoustically isolated the participant (n = 13)

during the performance of functional tasks to quantify the benefits of induced sensory feedback.

Of these studies, 19 found that sensory feedback universally improved participant performance,

while three studies found that feedback helped only a subset of participants [67, 26] or only benefit

participants in specific tasks [60].

Only 8 of these bi-directional control studies contained functional assessments without any

visual or acoustic restriction, and were typically studies where participants were performing func-

tional tasks that required grasping and coordination [32, 130, 84, 131, 101], required participants

to walk on a prosthesis [102, 103], or the single take-home study [60]. Of the studies without
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any sensory isolation, six studies still demonstrated the sensory feedback via electrical stimulation

improved performance over vision and incidental feedback alone [103, 32, 101, 102, 130, 117],

one study demonstrated improvement for two of three participants [84], and one study showed that

additional sensory feedback improved performance on most but not all tasks performed across two

individuals [60].

Finally, while 21 papers tracked at least one outcome measure over time (acutely over the

course of a session, or chronically over the span of weeks and months), these papers were primarily

tracking stimulation thresholds (n = 14). Very few papers tracked perceived sensation location (n =

5) or quality (n = 1) over time. Evidence suggests that the perceived locations [39, 20] and qualities

of sensation can change over time [2], however it remains unclear if these changes are clinically

significant or would present a barrier to long-term home use.

3.3.4.3 Subjective measures

Twelve studies assessed the impact of sensation on prosthetic embodiment. These studies used

qualitative surveys [42, 131, 97] and/or quantitative measures, such as perceived limb length [131]

and perceived prosthesis weight [104]. Seven studies measured phantom or residual limb pain

in prosthesis users, typically via visual analog scales. This includes one study that purposefully

explored ‘noxious’ sensations in order to allow users to identify sharp objects [96].

Only two papers reported any measures related to cognitive load. An upper limb study found

that when their participant completed a cognitive task in addition to the Virtual Eggs Test, the

participant’s score decreased while they were receiving electrotactile stimulation but remained the

same when they were receiving intraneural feedback [130]. Another study found that a participant

using a lower limb prosthesis could more accurately complete a cognitive task while walking with

referred sensory feedback compared to when no feedback was provided [104]. While these results

indicate that referred sensory feedback decreases cognitive demand compared to both no feedback

and compared to sensory substitution, these studies were each conducted with a single participant.
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Table 3.3: Characteristics of studies included in this review.

Study Stimulation

Technol-

ogy

Amputation

Level

Number of

Participants

(M/F)

Study

Length

Independent

Variables

Outcome

Measures

Upper Limb Studies

Benvenuto et al. (2010) LIFE Upper 1 (1/0) 4 w PF, PW IR

Rossini et al. (2010) LIFE Upper 1 (1/0) 4 w PA ST

Horch et al. (2011) LIFE Upper 2 (2/0) 2 w PF ID

Tan et al. (2014) Cuff, FINE Upper 2 (2/0) 24 m PA, PF, PW,

ES

ST, AP, FQ, IR, FT,

PN

Raspopovic et al.

(2014)

TIME Upper 3 (1/0) 1 w PA ST, AP, IR, ID

Length of Study— s: Sessions, w: Weeks, m: Months, NS: Not Specified

Independent Variables— PA: Pulse Amplitude, PF: Pulse Frequency, PW: Pulse Width, C: Charge, ES: Encoding Strategy

Outcome Measures— ST: Stimulation Threshold, AP: Area of Percept, FQ: Feedback Quality, IR: Intensity Resolution,

ID: Object Identification, FT: Functional Tasks, PN: Pain or Discomfort, EM: Embodiment
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Table 3.3: continued from previous page

Study Stimulation

Technol-

ogy

Amputation

Level

Number of

Participants

(M/F)

Study

Length

Independent

Variables

Outcome

Measures

Schiefer et al. (2015) Cuff, FINE Upper 2 (2/0) 40 m PF, PW FT, EM

Tan et al. (2015) Cuff, FINE Upper 2 (2/0) 24 m C ST, AP

Oddo et al. (2016) TIME Upper 1 (1/0) NS PF ID

Davis et al. (2016) USEA Upper 2 (NS/NS) 4 w PA, PF ST, AP, FQ

Graczyk et al. (2016) Cuff, FINE Upper 2 (2/0) 8 m PF, PW, ES IR

D’Anna et al. (2017) TENS Upper 4 (3/1) 2 w PF, PW AP, IR, ID, FT

Wendelken et al. (2017) USEA Upper 2 (2/0) 5 w NONE ST, AP

Schiefer et al. (2018) Cuff, FINE Upper 2 (2/0) 14 m PW ID

Length of Study— s: Sessions, w: Weeks, m: Months, NS: Not Specified

Independent Variables— PA: Pulse Amplitude, PF: Pulse Frequency, PW: Pulse Width, C: Charge, ES: Encoding Strategy

Outcome Measures— ST: Stimulation Threshold, AP: Area of Percept, FQ: Feedback Quality, IR: Intensity Resolution,

ID: Object Identification, FT: Functional Tasks, PN: Pain or Discomfort, EM: Embodiment
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Table 3.3: continued from previous page

Study Stimulation

Technol-

ogy

Amputation

Level

Number of

Participants

(M/F)

Study

Length

Independent

Variables

Outcome

Measures

Valle et al. (2018) TIME Upper 2 (0/2) 4 w PA, PF, ES AP, FQ, IR, ID, FT,

EM

Ackerley et al. (2018) Cuff Upper 1 (1/0) 25 m PA, PF ST, AP, FQ, IR

Valle et al. (2018) TIME Upper 2 (0/2) 6 m PA, PF, ES AP, FQ, IR, ID

Valle et al. (2018) TIME Upper 1 (0/1) NS PA AP, FT

D’Alonzo et al. (2018) TENS Upper 5 (3/2) 1 s PA, PW ST, AP, FQ, IR

Shin et al. (2018) TENS Upper 1 (0/1) 1 s PW AP, IR

Page et al. (2018) USEA Upper 1 (1/0) 14 m PF PN, EM

Osborn et al. (2018) TENS Upper 1 (1/0) 8 m PS, PW ST, AP, FQ, ID, PN

Length of Study— s: Sessions, w: Weeks, m: Months, NS: Not Specified

Independent Variables— PA: Pulse Amplitude, PF: Pulse Frequency, PW: Pulse Width, C: Charge, ES: Encoding Strategy

Outcome Measures— ST: Stimulation Threshold, AP: Area of Percept, FQ: Feedback Quality, IR: Intensity Resolution,

ID: Object Identification, FT: Functional Tasks, PN: Pain or Discomfort, EM: Embodiment
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Table 3.3: continued from previous page

Study Stimulation

Technol-

ogy

Amputation

Level

Number of

Participants

(M/F)

Study

Length

Independent

Variables

Outcome

Measures

Graczyk et al. (2018) Cuff, FINE Upper 2 (2/0) 7 w PA, PF ST, AP, ID, FT, PN,

EM

Graczyk et al. (2018) Cuff, FINE Upper 3 (3/0) 15 m PF, PW ST, IR

D’Anna et al. (2019) TIME Upper 2 (0/2) 6 w PA IR, ID, EM

Strauss et al. (2019) TIME Upper 4 (2/2) 4.5 m C ST, AP, FQ

Clemente et al. (2019) TIME Upper 1 (0/1) 2 w PW ST, ID, FT

Zollo et al. (2019) Cuff, ds-

FILE

Upper 1 (0/1) 3 m PA AP, FT

Length of Study— s: Sessions, w: Weeks, m: Months, NS: Not Specified

Independent Variables— PA: Pulse Amplitude, PF: Pulse Frequency, PW: Pulse Width, C: Charge, ES: Encoding Strategy

Outcome Measures— ST: Stimulation Threshold, AP: Area of Percept, FQ: Feedback Quality, IR: Intensity Resolution,

ID: Object Identification, FT: Functional Tasks, PN: Pain or Discomfort, EM: Embodiment
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Table 3.3: continued from previous page

Study Stimulation

Technol-

ogy

Amputation

Level

Number of

Participants

(M/F)

Study

Length

Independent

Variables

Outcome

Measures

Petrini et al. (2019) TIME Upper 3 (1/2) 6 m PA ST, AP, FQ, IR, FT,

PN

George et al. (2019) USEA Upper 1 (1/0) 14 m PA, PF, ES ST, IR, ID, FT

Ortiz-Catalan et al.

(2019)

Cuff Upper 3 (NS/NS) 23 m PA, PF, PW,

ES

FQ

Mastinu et al. (2020) Cuff Upper 3 (3/0) 1 s PA, ES ST, AP, FQ, IR, FT

Chandrasekaran et al.

(2020)

Epidural

Spine

Upper 4 (1/3) 1 w PA, PF ST, AP, FQ, IR

Page et al. (2021) USEA Upper 3 (3/0) 3 m PF AP, FQ, IR

Length of Study— s: Sessions, w: Weeks, m: Months, NS: Not Specified

Independent Variables— PA: Pulse Amplitude, PF: Pulse Frequency, PW: Pulse Width, C: Charge, ES: Encoding Strategy

Outcome Measures— ST: Stimulation Threshold, AP: Area of Percept, FQ: Feedback Quality, IR: Intensity Resolution,

ID: Object Identification, FT: Functional Tasks, PN: Pain or Discomfort, EM: Embodiment
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Table 3.3: continued from previous page

Study Stimulation

Technol-

ogy

Amputation

Level

Number of

Participants

(M/F)

Study

Length

Independent

Variables

Outcome

Measures

Ranieri et al. (2021) FINE Upper 1 (0/1) NS PA, C ST

Lower Limb Studies

Dhillon and Horch

(2005).

LIFE Lower 6 (6/0) 1 w PF AP, IR

Dhillon et al. (2005) LIFE Lower 8 (8/0) 2 w PA, PF ST, AP, IR

Ortiz-Catalan et al.

(2014)

Cuff Lower 1 (1/0) 18 m PA, PF ST, AP, FQ

Clites et al. (2018) Fine wire Lower 1 (1/0) 7 m PA IR, FT

Charkhkar et al. (2018) FINE Lower 2 (2/0) 7 m PW ST, AP, FQ, IR, EM

Length of Study— s: Sessions, w: Weeks, m: Months, NS: Not Specified

Independent Variables— PA: Pulse Amplitude, PF: Pulse Frequency, PW: Pulse Width, C: Charge, ES: Encoding Strategy

Outcome Measures— ST: Stimulation Threshold, AP: Area of Percept, FQ: Feedback Quality, IR: Intensity Resolution,

ID: Object Identification, FT: Functional Tasks, PN: Pain or Discomfort, EM: Embodiment
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Table 3.3: continued from previous page

Study Stimulation

Technol-

ogy

Amputation

Level

Number of

Participants

(M/F)

Study

Length

Independent

Variables

Outcome

Measures

Petrini et al. (2019) TIME Lower 3 (NS/NS) 3 m PA AP, FQ, FT, EM

Christie et al. (2019) FINE Lower 2 (2/0) 6 w NONE ST, AP

Cheng et al. (2019) FINE, Cuff Lower 1 (1/0) 3 w NONE NONE

Petrini et al. (2019) TIME Lower 2 (2/0) 7 m PA, PF, PW,

C

ST, AP, FQ, IR, PN,

EM

Pan et al. (2020) TENS Lower 5 (4/1) 1 s PA ST, AP

Valle et al. (2020) TIME Lower 2 (0/2) 5.5 m PA AP, ID

Christie et al. (2020) FINE Lower 3 (3/0) 3 s PW AP, IR, FT

Shell et al. (2021) FINE Lower 3 (3/0) 1 s NONE AP, FT

Length of Study— s: Sessions, w: Weeks, m: Months, NS: Not Specified

Independent Variables— PA: Pulse Amplitude, PF: Pulse Frequency, PW: Pulse Width, C: Charge, ES: Encoding Strategy

Outcome Measures— ST: Stimulation Threshold, AP: Area of Percept, FQ: Feedback Quality, IR: Intensity Resolution,

ID: Object Identification, FT: Functional Tasks, PN: Pain or Discomfort, EM: Embodiment
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Table 3.3: continued from previous page

Study Stimulation

Technol-

ogy

Amputation

Level

Number of

Participants

(M/F)

Study

Length

Independent

Variables

Outcome

Measures

Preatoni et al. (2021) TIME Lower 1 (1/0) 1 w PA AP, IR, EM

Upper & Lower Limb Studies

Christie et al. (2019) FINE Both 4 (4/0) 6 m NONE AP, FQ, IR, FT

Length of Study— s: Sessions, w: Weeks, m: Months, NS: Not Specified

Independent Variables— PA: Pulse Amplitude, PF: Pulse Frequency, PW: Pulse Width, C: Charge, ES: Encoding Strategy

Outcome Measures— ST: Stimulation Threshold, AP: Area of Percept, FQ: Feedback Quality, IR: Intensity Resolution,

ID: Object Identification, FT: Functional Tasks, PN: Pain or Discomfort, EM: Embodiment
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3.4 Discussion

We performed a systematic literature review to determine what electrical stimulation methodolo-

gies are currently being used to successfully elicit sensations that are referred to the phantom limb,

and how their success is being evaluated. Collectively, the literature suggests that referred sensa-

tion is possible with a number of different approaches, which vary in their level of invasiveness

and mechanism of stimulation, and that most referred sensation has an unnatural quality which

prevents it from being homologous. Researchers used a broad range of stimulation parameters

(Fig 3.3) and used a variety of methodologies to characterize the results of stimulation, or to assess

changes in function with sensation (Fig 3.5). As such, it was difficult to generalize findings across

studies. Additionally, studies in this field are typically limited to only a few individuals (Table

3.3), with the largest sample size across all studies being 8 participants with amputation. While the

results from each individual study are limited, this systematic review highlights areas where there

is sufficient evidence for best practices in the field. We also provide recommendations for how the

field can standardize assessments and reporting to enhance future comparative studies.

3.4.1 Manipulating characteristics of sensation

Regardless of the technology used for stimulation, all studies delivered electrical stimulation using

a square [100], charge-balanced, biphasic, cathodal-first waveform [62]. All 48 reviewed studies

used this approach. None used different waveform shapes (e.g. exponential, quasi-trapezoidal),

however different waveform shapes have been studied in previous literature [100, 62]. Waveform

symmetry was not uniform across reviewed studies, with a mix of symmetrical and asymmetrical

waveforms. A previous review stated that asymmetrical waveforms are part of “traditional safety

restriction[s]”, along with charge-balancing biphasic waveforms [62], though none of the reviewed

studies that used symmetrical waveforms indicated safety concerns. One study reported using

both symmetrical and asymmetrical stimulation waveforms, but did not report any comparisons

between the two [20]. While no study directly assessed the effect of waveform symmetry on
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sensation, studies using either option were able to elicit referred sensation. Most studies focused

on varying other parameters of the waveform including amplitude, pulse width, and frequency. The

next sections will detail the effects of stimulation parameters on various characteristics of sensation

as tested in individuals with amputation.

3.4.1.1 Sensation intensity

The intensity of a perceived sensation was the most frequently reported characteristic across re-

viewed studies. This is likely because the intensity of sensation can be communicated by a par-

ticipant independent of the sensation’s quality, size, or location. As expected, perceived sensation

intensity was found to increase with increases in amplitude [106, 42], pulse width [37, 36], and

frequency [61, 2]. Amplitude and pulse width both contribute to the total charge injected into tissue

per pulse. The charge per pulse required to elicit sensation was typically dependent on electrode

design and placement, with more invasive techniques necessitating less charge (Fig 3.3). Changing

frequency affects the charge delivered per second. Perceived intensity seems to scale more slowly

with increases in frequency, compared to increases in pulse width [61]. We expect that individ-

uals would similarly be more sensitive to changes in the perceived intensity of sensation due to

the modulation of amplitude compared to modulation of frequency, as amplitude and pulse width

satisfy similar roles in stimulation, however more comparative analysis is required.

3.4.1.2 Sensation quality

The quality of a sensation, or what an individual perceives upon being stimulated, is another widely

reported measure in the field. A large focus of current literature is how to manipulate the perceived

quality of a sensation following stimulation, either for functional tasks or to improve the natural-

ness of sensation.

In intact skin, frequency plays a key role in the organization and interpretation of neural sig-

nals. Different types of nerve fibers (Fast Adapting I and II, and Slow Adapting I and II) respond

to different types of tactile stimulation, and these differences are largely based on frequency char-
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acteristics of the stimulation [111]. It is not clear how well the physiology of healthy skin with

naturally arranged nerve endings can translate to the direct electrical stimulation of muscles and

nerves. However, prior literature reviews of electrical stimulation have identified frequency as the

parameter most appropriate for modifying feedback quality [107, 62]. Similarly, here we identi-

fied several papers that have reported changes in sensation quality related to different stimulation

frequencies. These studies found that some frequency bands resulted in touch sensations while

other bands were felt as paresthesia [127, 132, 97, 96, 38, 115, 95]. One study found that only

one of four participants experienced changes in sensation quality due to changes in stimulation

frequency, with the remainder of participants experiencing consistent sensation quality regardless

of stimulation parameters [20]. Unfortunately these studies used different technologies and fre-

quency ranges (Fig 3.3). Thus, while we can infer that frequency is an important characteristic for

quality of sensation, we cannot yet determine what frequency ranges are appropriate for achieving

natural sensation, nor how this may vary across technologies or individuals.

In addition to frequency, several studies manipulated sensation quality by patterning stimulation

in some way. One research group modulated pulse width using a sinusoid [127, 117, 115], where

the amplitude and frequency of the sinusoid affected perceived sensation quality [127]. Notably,

a separate research group was unable to use pulse width, amplitude, or frequency modulation to

manipulate perceived sensation quality [95]. One study also noted changes in perceived sensation

quality based solely on if stimulation was provided discretely, continuously, or via a hybrid model

over the course of an experiment [84]. Other research groups experimented with how prosthetic

sensors encode touch information into stimulation waveforms, theorizing that ‘biomimetic’ en-

coding strategies could facilitate more natural sensation. Participants in studies that attempted to

replicate dynamics of natural sensation (found in Section 3.3.2) reported that their referred sense

of touch felt more natural when using the biomimetic encoding strategies compared to linear en-

coding strategies or waveforms with invariant parameters [127, 131]. However, these results have

yet to be replicated in other participants or research groups. Therefore, more evidence is needed

to demonstrate that encoding strategy is a consistent tool for producing more natural sensation
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quality.

While less frequently reported, there is also some evidence that signal amplitude can affect sen-

sation quality [132, 98]. One study using TIMEs reported that two participants perceived certain

sensation qualities (touch for one, pressure for another) only when amplitude was modulated but

not when frequency was modulated [132]. A study of USEAs reported differences in quality, but

not specifically what those differences were, when amplitude was increased [98]. They hypoth-

esized this was due to the recruitment of additional sensory fiber types that were responsible for

the new sensation qualities. This is likely due to an increase in charge which, in general, may

excite additional fibers that result in the novel sensations. However, it may be difficult to decouple

the affects of amplitude on quality from the affects amplitude has on sensation intensity. There-

fore, frequency and encoding strategies may still be more consistent and advantageous methods of

manipulating sensation quality.

3.4.1.3 Sensation size and location

Naturalistic sensation is not only dependent on the sensation being homologous in sensory modal-

ity, but somatotopic in terms of the spatial mapping between a prosthetic sensor and the perceived

area of sensation on an individual’s phantom limb. Several papers reported that the size of a sen-

sory percept could be increased by increasing the stimulation charge [37, 84, 20, 104]. There

were also several papers that reported changes to the size of a percept area based only on the day

that stimulation took place [38, 20]. These reports may be due to the relative movement of elec-

trodes within the body, or due to differences in how the brain is processing the signals it receives.

However, these explanations are currently difficult to disambiguate.

Of note, we expected that the limitations of evoked percept size would be dictated largely by

how invasive a technology was. More invasive technologies typically have a greater number of

active sites within a nerve, and can stimulate areas of a nerve more selectively. This expectation

has been echoed in previous literature reviews that placed stimulation technologies on a spectrum

that equates invasiveness to selectivity [62]. However, empirical results are mixed. In fact, each
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of the 7 technologies targeting peripheral nerves was capable of evoking small percepts on the

phantom limb. Small percepts were reported in FINEs [60] and even TENS [37]. Due to the

limited number of studies that reported percept areas there is not enough data to make a strong

conclusion.

There have been no reports on effectively manipulating the location of referred sensation for

an individual stimulation site. However, the location of perceived sensation for a particular site

can still change over time [38, 2], likely for the same reasons that area does. Such changes in

location are undesirable for a bi-directional prosthesis as they would require regular adjustments

for mapping prosthetic sensors to appropriate stimulation sites. The only consistent method for

targeting different regions of the phantom limb is to stimulate a new site entirely, as each site targets

a new group of nerve or muscle fibers. Accordingly, technologies like the USEAs provide many

opportunities for eliciting sensation at many different locations. One study of USEAs reported

over ten different distinct areas of perceived location that participants could differentiate between

with high accuracy [98].

For those technologies with fewer stimulation sites, there is limited evidence that it may be

possible to manipulate the perceived area of sensation by stimulating multiple sites at once. Only

three studies reported perceived locations for simultaneous stimulation [124, 38, 37]. In two of

these studies, simultaneous stimulation of two sites resulted in a union of the areas of sensation

perceived when both sites were stimulated independently [124, 38]. However, the third paper found

that simultaneous stimulation of the median and ulnar nerves resulted in novel areas of sensation

closer to the center of the hand [37]. While these results have not been replicated, they demonstrate

a new possibility for percept manipulation that should be explored in future research.

3.4.2 Feedback in Bi-directional Prostheses

The ultimate goal for electrical stimulation is to enable bi-directional prostheses to provide natu-

ralistic sensation for individuals with amputation, just as they would receive with their intact limb.

To enable this feedback control loop, sensors on the prosthesis need to be mapped in some way
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to parameters for electrical stimulation, and must be matched to appropriate stimulation sites. As

described in Section 3.3.3, the majority of studies used linear mapping of a pressure or position

sensor to a stimulation parameter value. To date, the literature does not agree on any specific

advantage for linearly encoding one parameter over another. Only one study tested participants’

sensitivity to changes in intensity due to frequency or pulse width, finding that they were more

sensitive to changes in pulse width compared to frequency [61]. However, this study was not con-

ducted using a physical prosthesis, so more studies are required to extend these results to practical

use.

While few studies directly compared different encoding strategies, any encoded stimulation pa-

rameter still improved how well a prosthesis user could identify objects [42, 132, 37], and the

accuracy with which they could perform manipulation tasks [60, 132, 122]. What does seem

to vary between different encoding strategies is the extent of functional improvement, and the

naturalness of the perceived sensation. For example, linear encoding strategies are effective at

providing functional sensation, but may not provide enough complexity for the body to interpret

them as natural sensation. Studies that explored using biomimetic encoding strategies found that

they result in improvements to both function [131, 52] and the naturalness of sensation [127, 131].

These biomimetic strategies should be tested in more participants, and across several different tech-

nologies, to determine if there are general benefits to these more advanced methods of encoding

prosthetic sensor data.

Notably, the majority of functional tests performed in the field focus on encoding pressure

information at common points of contact like the palm, fingertips, or pads of the feet. More

uncommon are studies that encoded information from motor position into a sense of movement or

the position of the phantom limb. The prominence of pressure encoding is likely due to the ease

with which researchers can map most tactile sensation (touch, vibration, paresthesia) to a pressure

sensor, as any somatotopic sensation with variable intensity can easily be interpreted as pressure.

Proprioceptive feedback, however, cannot be directly substituted in this way, while preserving

homology, and is therefore limited to individuals who specifically experience a change in phantom
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limb position [40] or movement [117] upon stimulation. Two studies have successfully trained

participants to remap tactile sensation generated through stimulation to the pose of a prosthesis

[42, 117]. However, in another study a participant was unable to remap tactile sensation to the

pose of a prosthesis and, therefore, could not identify between three objects at a level above chance

[67]. Thus, the ability for participants to remap tactile to prosthesis position or movement must be

studied further. Studies that incorporated the participant’s sense of position or movement generated

through stimulation into bi-directional prosthetic control demonstrated that participants could use

proprioceptive feedback to identify object size in addition to object stiffness [117] and could track

the static position of an artificial arm’s elbow joint without any visual cues [40].

3.4.3 Current methods of evaluating referred sensation

It is is difficult to advance this field without establishing standard metrics that allow comparison

of existing solutions and the evaluation of new approaches. Here, we examined the literature to

determine how studies of sensory feedback in individuals with amputation characterized sensation

and evaluated any functional improvements. With this approach, we determined if there were

enough commonalities between studies to 1. effectively compare stimulation techniques and 2. to

suggest appropriate outcomes for future studies.

3.4.3.1 Sensation characterization

As described in section 4.1, sensory information can be described by its intensity, quality, size,

and location. It is important to establish common methodology to characterize these aspects of

sensation in order to directly compare stimulation approaches. Here we describe the methodologies

used for characterization and suggest best practices for future studies.

Sensation intensity is difficult to quantify because intensity is subjective, without a true intensity

scale. One widely reported metric related to sensation intensity is the perception threshold, which

is the set of stimulation parameters at which an individual starts to perceive a sensation. Large

deviations in the parameters required to elicit sensation may indicate degradation or movement of
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the electrode within a participant, or scarring of the tissue around the electrode. For this reason,

the perception threshold is often reported as a safety metric in studies with long-term implantation

[21, 60, 52]. Fewer papers discuss the discomfort threshold [103, 42], which is the maximum

set of stimulation parameters that can be used before the participant reports sensations of pain or

discomfort. The discomfort threshold should be reported more regularly in studies that modulate

percept intensity, either as part of bi-directional control or to measure sensitivity, as it represents

the functional upper limit of sensation. Finally, a two-alternative forced choice protocol can be

used to calculate the Just Noticeable Difference of intensity, location, or position given changes

in a chosen parameter. This assessment is valuable for characterizing sensation in a way that can

be directly compared between participants and research groups. Combined with the perception

and discomfort threshold, sensitivity measures can provide researchers with expectations for the

granularity in force or position feedback that a prosthesis user could reasonably discern. However,

only a small number of studies conducted this kind of assessment [104, 21], likely due to the time

and mental energy it requires from participants.

Sensation quality is restricted to participant descriptions, and is largely subjective. Many re-

searchers simply record the descriptions of sensations reported by their participants, typically from

a predetermined list with the option to create their own descriptors [84, 137, 102]. Some addition-

ally ask participants about the naturalness of the perceived sensation, in addition to its quality

[132, 95]. However, it may be possible to identify patterns in the technologies or parameters that

evoke certain sensation modalities with more consistent reporting of important study characteristics

and methodologies. Papers that do report sensation quality will often report sensations perceived

across the entire cohort rather than how many individual participants perceived sensation of a given

quality [99, 137, 121]. Many studies that report sensation quality also do not report the stimulation

parameters that were used when sensation was felt [84, 103, 132, 20]. While these details may

be difficult to report in some cases, their exclusion makes it difficult to identify any potential rela-

tionships between sensation quality and participant demographics, stimulation parameters, or any

other variables. More studies that specifically report sensation quality in response to stimulation
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parameter modulation may help address these concerns.

Similarly to sensation quality, the location and size of sensation has been widely reported but is

often reported without sufficient context. Methods for collecting the data itself is straightforward:

participants indicate either using a computer interface or tracing on a representation of the hand

where they felt a percept. However, some papers either described percept locations rather than

providing a specific map [90, 115], reported the perceived area of sensation for several participants

on the same figure [37], or displayed an area of perceived sensation without specifying which

nerve was stimulated [27, 121, 26, 52]. Due to this inconsistent reporting, the aggregated maps

of perceived sensation location data in this review (Figure 3.4A) do not represent all technologies

equally. By providing information for each participant, and for each individual nerve, location and

size information can be more easily compared across individuals and technologies to better inform

future stimulation experiments.

3.4.3.2 Functional outcome measures

Functional assessments are often used to determine the utility of sensory feedback for prosthetic

use. Most functional outcome measures require the use of a bi-directional prosthesis with sensors

to trigger electrical stimulation of residual tissue (e.g. skin, nerve, muscle) [127, 37, 101]. For

upper limb experiments, the most common functional tasks were object identification. These tasks

were not consistent across studies, but involved either identifying object size [42, 117, 52], stiffness

[42, 132, 106], or surface coarseness [90]. Another common assessment was force matching, in

which participants were asked to increase or decrease the applied force of a prosthesis to different

targets [132, 33] For each of these tasks, improved performance indicates effective integration of

sensory feedback.

The remaining functional outcome measures were a mix of grasp-and-lift tasks [97, 144], and

standardized clinical assessments (e.g. Box and Blocks, AMULA) [115, 52, 60]. Several studies

used a form of modified box and blocks, in which an instrumented object needed to be grasped,

lifted, and placed in a different location without the prosthetic grip force exceeding pre-determined
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values [131, 37, 101]. While clinical assessments and modified box and blocks were able to capture

performance improvements when participants were given sensation [101, 131, 115, 60], they also

include many confounding factors including training, prosthetic hardware, and the dexterity of

participants.

The functional benefit of sensation on lower limb prosthesis users has been studied much less

frequently (n = 6 studies). One study demonstrated that providing participants with tactile sen-

sations in their phantom foot and proprioception of their knee position, three participants could

ambulate up and down stairs faster and fell less when stepping over obstacles [103]. Several stud-

ies demonstrated that participants had an accurate internal model of the position of their prosthesis

[103, 33] and relative force exerted on it [33], which may be helpful in detecting obstructions or

helping navigate uneven terrain. In a study that measured the center of pressure path length of

three individuals during standing, stimulation of FINEs was only able to decrease path length in

one individual [121]. Interestingly, one study reported that two participants could not only achieve

higher outdoor walking speeds, but also showed decreased metabolic consumption in indoor and

outdoor walking tests when provided with sensory feedback of their phantom knee angle and foot

contact [102]. The small sample sizes and fact that no two studies measured the same outcome pro-

vide a low level of evidence that sensation enhances lower limb function and stability. Therefore,

there is a need for replication of these findings and more studies of the functional of bi-directional

lower limb prostheses in general. As this population is at a greater risk of falls [73], special focus

should be given to the studying the effect of sensory feedback on balance and falls in lower limb

prosthesis users.

In both upper and lower limb studies there was a mix of validated clinical assessments and

functional tasks specifically designed to measure the benefits of sensory feedback. We recommend

that future studies try to incorporate both types of outcome measures when possible. Measures that

focus on sensory feedback are important for demonstrating the specific functional benefits of feed-

back. These can include abstract tests such as object identification for upper limb prosthesis users

[42, 132, 90] or more clinically-relevant tasks, such as completion time traversing obstacles for
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lower limb prosthesis users [103]. However, testing the benefits of sensory feedback in validated

clinical assessments is also important as these tests often have normative data for healthy individ-

uals and/or other prosthesis users for comparison and are more representative of general prosthetic

function. Tests such as the Box and Blocks task [85] for upper limb prosthesis users or the Timed

Up and Go [114] for lower limb prosthesis users can help determine if the addition of sensory

feedback leads to meaningful differences in user performance and can facilitate comparison across

studies and approaches. Unfortunately, the current set of validated clinical assessments are not

always sensitive to the addition of sensory feedback, which does limit their usefulness [119, 115].

Therefore it is critical for sensorized versions of these tasks (e.g. the virtual egg test [30], the

sensorized clothespin task [83]) to be standardized and validated. Doing so will make these tasks

more useful to compare outcomes across research groups.

3.4.3.3 The user experience

User experience is an essential component of translating electrical sensation from research labs into

commercial devices. As such, it is critical to understand the user experience during sensory ex-

periments. While some components of this experience such as sensation quality are often reported

(Section 3.4.2), others such as pain and prosthetic embodiment are far less common.

Studies that did quantify pain used variations of a visual analog scale (VAS) [97, 96, 101,

110, 60], or questionnaires [127, 94, 110]. Both methodologies captured the frequency, length,

pain level, and lifestyle interference of episodes of phantom limb pain. A VAS was most often

used, likely due to its ease of understanding and convenience, however variations in the styles of

each VAS across studies makes it difficult to draw meaningful conclusions. A universal VAS, like

one proposed by Reed et al. [108], would eliminate finite descriptors such as “worst pain ever”

and improve our ability to aggregate data. Regardless of approach, all papers that measured pain

observed significant decreases in chronic or acute phantom pain after sensory stimulation. Future

work in relating stimulation parameters to the reduction in phantom limb and measuring pain with

a standardized VAS could facilitate a better understanding of how to reduce pain in the future, and
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may inform future pain interventions.

Embodiment is another factor of prosthetic experience that has implications for long-term ac-

ceptance of the prosthesis, and provides a measure of how integrated a prosthesis is into the body

image of a particular individual. While embodiment has no single, established definition, a re-

cent systematic literature review of papers discussing and measuring embodiment found that the

term is most often associated with concepts of prosthetic ownership and agency [142]. Owner-

ship describes an individual’s feeling that the prosthesis is part of, and moves with, their body.

Agency describes an individual’s sense that they are in control of their prosthesis, and that its

movements are their own. Studies in our literature review reported that individuals felt more self-

confidence using their prosthesis when it provided them with sensory feedback [104, 60, 102], and

felt they had more control over the prosthesis when using feedback [131, 60, 42]. These measures

may indicate increased agency. Additionally, several studies reported that individuals felt that the

prosthesis was more a part of them after using sensory feedback [115, 60, 42], or that the move-

ments of the robotic limb were aligned with their phantom limb [131, 97, 42]. Some studies also

measured perceived phantom limb length, which tended to approach anatomical limb length af-

ter bi-directional prosthesis use [21, 131, 60]. These measures may indicate increased ownership.

Based on this evidence, we can confidently conclude that referred , somatotopic sensation does

increase an individual’s prosthetic embodiment. However, current methods in the field are varied,

and standardization of ownership and agency metrics would improve the field’s ability to compare

results and develop a better understanding of the role embodiment plays in function and prosthetic

acceptance [142].

One goal in adding sensory feedback is to reduce the cognitive burden associated with prosthetic

use, which is contributed to both by the design of motor controllers [37] and by the reliance of

prosthesis users on visual feedback [24, 4]. However, augmenting human ability is constrained

by limited cognitive capacity to process information and requires there be minimal delay when

processing and acting on sensory feedback [81].

Referred sensation is generally believed to be less cognitively demanding than sensory substi-
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tution [9, 6], however only one study included in this review directly compared the two approaches

in a single individual [130]. Additional studies are required to validate these findings and better

understand the potential cognitive advantages of referred versus substituted sensation.

Ultimately improving prosthetic function, achieving more naturalistic sensation quality, and re-

ducing cognitive load are all factors in improving an individual’s quality of life. This is difficult to

assess from the current literature as only one study involved taking a sensory prosthesis out of the

lab. In that study, two individuals used a sensory prosthesis with and without sensation enabled

during daily life [60]. Both participants used their prostheses more, had higher self-efficacy, and

reported greater levels of social interaction when sensation was enabled. One of the two partici-

pants also reported higher quality of life, as measured used the OPUS quality of life survey [66].

Given the dearth of studies measuring quality of life and mixed findings of this study, the effect of

sensation on quality of life remains uncertain.

3.4.3.4 Stability of perceived sensations

An important component of each of the aforementioned outcomes is their stability, or consistency,

over time. One reason we may expect outcomes to change is limitations of the hardware itself and

how it interacts with the body. For example, one study of USEAs found that only a single partici-

pant had a steady number of electrodes that evoked sensory percepts over the course of five weeks,

with the remaining participants either experiencing a decreasing number of sensation-evoking elec-

trodes or only experiencing sensation during one or two weeks [137]. Another study tracked the

migration of implanted leads for epidural spinal stimulation using intraoperative fluoroscopy [20].

While one participant had extreme migration of the implanted leads (over 70 mm) and was ex-

planted after two weeks in the study, the other three participants still experienced lead migration

of up to 38 mm and there were small changes to sensory percept location and charge required to

evoke sensation.

Tracking the location of perceived sensation is particularly relevant to transitioning research

experiments to home prosthesis use. While many studies that reported sensation location did so for
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the percepts experienced in a single session, including the majority of TENS studies, stimulation

of a given site has been reported to change over the span of days [38], weeks [20, 101], months

[126], or years [2]. These reports were given for USEAs [38], TIMEs [101], nerve cuffs [126, 2],

and epidural spinal stimulation [20], which means these effects are not specific to a particular

technology. As such, it is recommended that future studies report the consistency of stimulation

threshold, perceived sensation area and quality, and the number of active sites that evoke sensation

over the duration of a study, and preferably over months to years. In doing so, we can better

understand which technologies produce more stable sensory percepts, and we can make clinical

recommendations for how long individuals can expect to go before device parameters need to be

updated.

It is also important to measure how sensory percepts change over short timescales. If sensory

stimulation is maintained at suprathreshold levels, participants may experience adaptation. Here,

adaptation is the progressive desensitization to prolonged stimulation on the scale of a single study

session. Adaptation can affect measures of stimulation threshold and perceived sensation intensity,

though adaptation to artificial stimuli seems to behave much like adaptation to natural touch stimuli

[59]. Still, adaptation is not often reported, and is relevant for prolonged home use of a sensory-

enabled prosthesis. Therefore, more experimentation and reporting of adaptation is required.

3.4.4 Implications in other technologies

There are several other methods of inducing referred sensation that were not included in this re-

view. While outside of our scope, they are relevant to the broader field and may be able to benefit

from the information described herein. For example, natural reinnervation of severed nerves after

amputation [19, 4] and targeted sensory reinnervation [141] both result in regions of skin that, when

stimulated, refer sensation to the phantom limb. Stimulating maps formed from either method can

leverage healthy neural pathways, producing naturalistic sensation. However, it is unclear how

stable these phantom projection maps are over time, or what their functional benefits are. While

these types of maps typically utilize mechanical stimulation rather than electrical, they could ben-
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efit from utilizing the same sensory characterization approaches and functional outcome measures

as those recommended by this review.

There are also methods of peripheral nerve and brain stimulation that have demonstrated func-

tional benefits in animal studies [125], or have been used for prosthetic control [129], but have not

yet been published on in the context of sensory feedback for humans with amputation. Regenera-

tive Peripheral Nerve Interfaces (RPNIs) are one such technology [129]. Originally developed to

treat neuroma pains in the residual limb of individuals with acquired amputation, they can be used

for both sensation and control. Cortical stimulation may also provide a means to directly stimulate

the brain in order to evoke referred sensation to missing extremities. While studies have demon-

strated these methods being used to evoke sensation in animal models [125], the work in humans

is still limited. We hope that the resources and recommendations laid out in this systematic review

can facilitate studies of existing and novel stimulation technologies by providing clear measures

for comparison and a foundation to base their experiments on.

3.5 Conclusion

This systematic literature review found that several technologies can be used to effectively evoke

referred sensation in individuals with amputation. While all studies used similar waveform shapes

and studied similar parameters, we found that studies investigating different encoding strategies

demonstrated the most potential for electrical stimulation to improve prosthetic function and ex-

perience. While promising, there is a significant lack of replication of methodologies within the

literature, which limits the extent to which study results can be generalized. The limited studies

which have attempted replication have not been successful [95]. By establishing better reporting

guidelines for sensory characterization and outcome measures, we can gain a greater understand-

ing for how the brain processes sensory feedback and more quickly develop technologies that can

truly replace a lost limb.

To that end, we proposed the following checklist of items to include in future referred sensation
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studies. With this standard, we may better be able to compare across studies to determine relative

benefits of different approaches and define more precise ranges for stimulation parameters that

could induce referred sensation.
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3.5.1 Checklist of items to include in future referred sensation studies

Items in bold we consider needs, while the remaining items are conditional and may not always

be appropriate.

1. Participant Details:

◻ Demographics (Age, Sex, level of amputation) for each participant

◻ Study duration (Implantation timeline, timeline of data collections) for each participant

2. Experimental protocol:

◻ Waveform details (Shape, symmetry)

◻ Stimulation parameters (Range of amplitude, frequency, pulse width, and charge, as

well as specific values associated with each given result)

◻ Encoding strategy (For bi-directional experiments)

◻ Parameter restrictions (Due to safety or hardware limitations)

3. Sensory characteristics:

◻ Functional stimulation thresholds (Perception, Discomfort), including how they were

obtained for each participant, and each stimulation site

◻ Sensation quality at thresholds for each participant, and each stimulation site

◻ Sensation location at thresholds for each participant, and each stimulation site

◻ Just noticeable difference to changes in stimulation intensity

4. Functional tests:

◻ At least one standardized functional assessment (e.g. Box and blocks, Timed Up and Go)
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◻ At least one sensory-specific assessment (e.g. Stiffness ID, Walking over uneven terrain)

5. Subjective measures (For longitudinal studies):

◻ Measures of embodiment

◻ Measures of pain

◻ Measures of quality of life

For any longitudinal study, sensory characteristics and associated stimulation parameters should

be reported at several intervals.
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CHAPTER 4

Electrical Stimulation of Regenerative Peripheral

Nerve Interfaces (RPNIs) Induces Referred

Sensations in People with Upper Limb Loss

A subset of this work has been published as part of ICORR 2022 [58]1

Abstract

Individuals with upper limb loss lack sensation of the missing hand, which can negatively impact

their daily function. Several groups have attempted to restore this sensation through electrical

stimulation of residual nerves or muscles. The purpose of this study was to explore the utility of

regenerative peripheral nerve interfaces (RPNIs) in eliciting referred sensation. In four participants

with upper limb loss, we characterized the quality and location of sensation elicited through elec-

trical stimulation of RPNIs on the ulnar and median nerves. Specifically, we measured sensory

thresholds (perception and discomfort) and sensitivity to changes in stimulation amplitude. Over

a period of up to 3 years, stimulation of RPNIs elicited sensations that were generally consistent

in location and quality and were always perceived in the missing hand. For a majority of RPNIs,

participants demonstrated a sensitivity to changes in stimulation amplitude, with an average just

1Gonzalez, Michael A., et al. “Characterizing sensory thresholds and intensity sensitivity of Regenerative Periph-
eral Nerve Interfaces: A Case Study.” 2022 International Conference on Rehabilitation Robotics (ICORR). IEEE,
2022.
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noticeable difference of 0.45 mA. Notably, participants were more sensitive to amplitudes closer

to their perception threshold. In a case study of one individual, providing stimulation where the

amplitude was graded according to grasp aperture enabled the participant to determine object stiff-

ness. This study suggests that RPNIs offer a stable solution for providing referred sensation in

future bi-directional prostheses.

4.1 Introduction

The goal of prosthetic research is to sufficiently replace the function of a hand through dexter-

ous movement and naturalistic sensory feedback, both of which contribute to a sense of prosthetic

embodiment [142, 24]. A recent systematic review identified that numerous research groups have

delivered sensory feedback to individuals with limb loss by stimulating the neural pathways that

previously innervated the intact hand [56] such that any sensation provided feels like it is referred

to the “phantom” hand. One approach to access these sensory afferent pathways is through stim-

ulation of regenerative peripheral nerve interfaces (RPNIs). RPNIs are biologic constructs that

are created through a surgical procedure in which a small piece of autologous muscle is wrapped

around and sutured to an individually separated residual nerve fascicle. The muscle then revascu-

larizes and the nerve reinnervates the muscle over a period of a few months [76].

Prior research has demonstrated that RPNIs are healthy constructs over multiple years [135].

These constructs also remain stable when electrodes are surgically implanted into them after cre-

ation [76]. Additionally, we have previously demonstrated that stimulation of RPNIs elicits sensa-

tions that are referred to an individual’s phantom limb [134]. Here, we demonstrate the potential

for RPNIs to be used as a source of feedback for future bi-directional prosthetic systems. To

be functionally viable, feedback approaches must provide sensations that are interpretable by the

user, consistent over time, and graded such that the individual can feel multiple levels of feedback.

Accordingly, we characterize the responses of four individuals with transradial amputation to elec-

trical stimulation of their RPNIs over months to years. We quantify the amplitude of stimulation
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that each participant can detect (perception threshold), the amplitude at which sensation becomes

uncomfortable (discomfort threshold), and the location and quality of the perceived sensation. We

also quantify two participant’s sensitivity to changes in stimulation amplitude and demonstrate

that graded stimulation can be used to identify objects. Finally, we demonstrate that manipulating

stimulation parameters can alter the location and quality of the perceived sensation.

4.2 Methods

All experiments were performed with the approval of the University of Michigan’s Medical School

Institutional Review Board, and each participant provided their written and informed consent. The

electrode implantation surgery was performed under an investigational device exemption granted

by the U.S. Food and Drug Administration.

4.2.1 Participants

P1 was a 33-year-old man who sustained a traumatic amputation of his right arm through the wrist.

At 2 years post-amputation, P1 had RPNIs constructed out of his median, ulnar, and dorsal radial

sensory nerves to treat refractory neuroma pain and phantom limb pain. After 3 years post-RPNI

construction (5 years post-amputation), electrodes were implanted into one median and one ulnar

nerve RPNI (4.1A), in addition to six residual forearm muscles. P2 was a 51-year-old woman

who underwent a partial amputation of her right hand after an intravenous extravasation injury.

Postoperatively, she had minimal residual hand function and chronic, ongoing, unresolved neuroma

pain and phantom limb pain. As a result, P2 underwent a distal transradial amputation with RPNIs

constructed out of the median, ulnar, and dorsal radial sensory nerves. An intraneural dissection

of the ulnar nerve was performed to create two RPNIs from her ulnar nerve (denoted Ulnar-1

and Ulnar-2). One year post-amputation, P2 had electrodes implanted into one median and two

ulnar nerve RPNIs (4.1A), in addition to five residual forearm muscles. P3 was a 72-year-old man

who underwent a transradial amputation of his right arm due to bone cancer, during which RPNIs
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were constructed on his median, ulnar, and dorsal radial sensory nerves. Intraneural dissections

of the median and ulnar nerves were performed to create two RPNIs from each nerve (denoted

Median-1 and Median-2, and Ulnar-1 and Ulnar-2, respectively). At 3 years post-amputation and

RPNI construction, wires were implanted into two median and two ulnar nerve RPNIs (4.1A), in

addition to eight residual forearm muscles. P4 was a 53-year-old man who underwent a transradial

amputation of his left arm due to trauma. Two and a half years post-amputation, P4 underwent

surgery for the construction of RPNIs on his median, ulnar, and dorsal radial sensory nerves. As

part of the same surgery, wires were implanted into two median RPNIs, two ulnar RPNIs, and one

radial RPNI (4.1A), in addition to seven residual forearm muscles. Intraneural dissections of the

median and ulnar nerves were performed to create two RPNIs from each nerve (denoted Median-1

and Median-2, and Ulnar-1 and Ulnar-2, respectively). Note that data from P1 and P2 have been

reported on previously in the work of Vu et al. as participant 1 and participant 2 in [134] and P1,

P2, and P3 have been reported previously as P3, P4, and P2, respectively in [135].

4.2.2 Stimulation

Stimulation was always delivered via symmetric, square, charge-balanced, biphasic waveforms

with time-invariant stimulation parameters (Figure 4.1A). Stimulation was performed in a monopo-

lar configuration, with a grounding electrode placed on a bony landmark (typically the elbow or

C7 vertebrae). Detection thresholds and sensitivity were both determined by modulating stimula-

tion amplitude, provided the total charge did not exceed a precautionary safety threshold of 10 µC

per phase. This limit was set as a precaution to prevent electrode degradation or tissue damage,

however additional research is needed to define safety recommendations for RPNI stimulation.

4.2.3 Perception Thresholds

A Digitimer-DS7a (Cephalon, Norresundby, Denmark) system stimulated RPNIs using waveforms

with a stimulation frequency of 20 Hz, pulse width of 100 µs, and interphase interval of 10 µs.

Stimulation amplitude was adjusted to determine detection thresholds up to a precautionary safety
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threshold of 10 µC total charge per phase. This limit was set as a precaution to prevent electrode

degradation or tissue damage [62].

Thresholds were determined using a staircase method with adaptive step size, starting with

a step size of 0.20 mA, followed by steps of 0.10 mA and 0.05 mA (4.1B). When determining

the perception threshold, participants were asked “Do you perceive any sensation?” Stimulation

amplitude steps were switched from incrementing to decrementing once the participant perceived

sensation. These steps were switched back to incrementing and the step size was decreased when

the participant no longer perceived a sensation. Once the smallest step size was reached, it was

maintained until four reversals were recorded (switches from incrementing to decrementing, or

vice versa). If more than eight presentations of the smallest step size did not result in a reversal,

step sizes were increased back to 0.10 mA steps. The four final values of a successful thresholding

were then averaged to yield the threshold value. If no sensation was perceived, pulse width was

increased to 200 µs, and the process was repeated. If no sensation was perceived at 200 µs, or if

sensation was not found after 10 steps following a reversal, stimulation was stopped and it was

noted that no threshold could be determined for that session. For each threshold, characteristics

of elicited sensation were recorded, including quality and location of sensation. At the start of

the study participants reported this information verbally and by indicating the location using the

experimenter’s hand. To improve the reliability of reporting, a piece of custom software was

introduced to allow participants to draw the area of perceived location on a hand map using a

touch screen computer. This was implemented mid-way through the experiments (8/32 sessions

for P2, 10/10 sessions for P3, 5/5 sessions for P4).

Perception thresholds were obtained approximately once a month while discomfort thresholds

were taken only three times as they were uncomfortable for participants. Discomfort thresholding

sessions were separated by approximately 1 month and used the same protocol as that used for

perception thresholds except, that the participant was asked “Was the perceived sensation uncom-

fortable?” The participant was told that discomfort may be attributed to a variety of factors at their

discretion, including sensations of pain or overwhelming intensity. We stopped stimulation if the

88



participant experienced any in-loco sensation (within their residual limb rather than referred to the

phantom limb) or involuntary contraction of the RPNIs.

4.2.4 Quantifying Sensitivity

The sensitivity of each participant to changes in stimulation amplitude on a given RPNI was char-

acterized using a two-alternative forced choice paradigm, similar to previous work [61, 20]. The

reference amplitudes were chosen to be the midpoint of the functional stimulation range (i.e. 50%)

and 25% between the perception and discomfort thresholds. Nine test amplitudes were selected,

centered on the reference amplitude and separated by 5% of the functional stimulation range. This

yielded experimental amplitudes of 5-45% and 30–70% along the functional range. Each set of

nine test amplitudes was block randomized and presented either before or after the reference stim-

ulus (determined randomly). The first amplitude was presented for 1.5 s of stimulation, followed

by 1 s of rest, and finally by 1.5 s of stimulation with the second amplitude. The participant was

instructed to report whether the first or second stimulus was more intense, ignoring any differences

in area or sensation quality. This process was repeated until five blocks were completed, for a total

of 45 stimulus pair presentations. After data collection, the data were plotted, with the test intensity

along the X-axis, and the percentage of presentations in which the participant rated a test intensity

as higher than the reference intensity on the Y-axis. A cumulative normal distribution was fitted

to the data. The JND was then defined as the difference in stimulation amplitudes corresponding

to the 50% and 75% probability intercepts on the fitted curve. JND measures were reported both

in terms of nominal stimulation amplitudes and as percentages of the functional stimulation range.

We then calculated Weber fractions from these JNDs, using

K =∆I/I, (4.1)

where ∆I is the JND, I is the reference intensity used for the JND protocol, and K is the Weber

fraction. A smaller K indicates greater sensitivity to a particular stimulus. Weber fractions were
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calculated as it is a common metric used in other papers that characterize sensitivity [61, 104]. As

an alternative, a new metric called the percent of range was calculated, which normalizes the JND

by the functional stimulation range rather than the reference intensity.

4.2.5 Manipulation of Sensory Feedback

To characterize changes in sensation due to manipulation of stimulation amplitude and the number

of stimulated RPNIs, participants were stimulated using delivered via symmetric, square, charge-

balanced, biphasic waveforms with time-invariant stimulation parameters as was done for sensory

thresholding and sensitivity testing.

During experiments to study changes in perceived sensation area pulse width was chosen to be

100 µs, and frequency was chosen to be 20 Hz. Participants were asked to report their percept

location and quality as stimulation amplitude increased in steps of 0.50 mA.

Simultaneous stimulations were conducted using one of two stimulation systems: the NOMAD

system (Ripple Neuro, Salt Lake City, UT, USA) or the Neuro Omega system (Alpha Omega,

Alpharetta, GA, USA). The primary difference between devices was that the Neuro Omega system

could stimulate at higher amplitudes (up to 7.5 mA) but could not guarantee phase-synchronization

of the stimulation across multiple electrodes. The NOMAD system had a current limit of 2.5 mA,

but could stimulate multiple electrodes in-phase. Here, a range of pulse widths (50 - 200 µs),

frequencies (10 - 50 Hz), interpulse intervals (25 - 100 µs), and interphase (phase shift between

the stimulation of each RPNI) delays (0 - 30 µs) were explored. When stimulating, two RPNIs

were selected at a time and amplitudes on both channels were incremented in steps of 0.20 mA

until the participant reported sensation on one channel. That channel was then held at a constant

amplitude while the other channel was incremented. If the percept on the first channel was no

longer reported, it was subsequently incremented. This process was repeated until the participant

could feel simultaneous sensation, or until the discomfort or safety thresholds were reached.
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4.2.6 Object Discrimination Task

We built and tested a closed-loop bi-directional feedback system using a prosthesis with built-in

force sensors (LUKE arm, Mobius Bionics, Manchester, NH) to generate the force input and an

electrical stimulation generator (the Neuro Omega) to deliver biphasic square wave patterns to the

RPNIs via the percutaneous bipolar electrodes. The following mapping protocol was developed

to convert the generated force input into an electrical stimulation pattern that produced referred

sensation in the participant’s phantom limb: 1) The participant donned a glove embedded with flex

sensors (Spectra Symbol, Salt Lake City, UT, USA) on their intact hand and used it to grasp four

different objects (large can of food, small can of food, stress relief ball, and a stuffed animal). The

participant explored closing their hand around each object, and rated the level of force required

to grip the object on a scale of 1-10 (1 = least intense, 10 = most intense). Flex sensor data

were continuously captured through a LabVIEW module at each rated level of force to determine

the relationship between hand position and the intensity of the force. 2) The participant’s RPNIs

were stimulated at several current amplitudes, after which they were asked to rate the intensity of

sensation on a scale of 1-10 (1 = least intense, 10 = most intense). Only current was modulated,

while frequency was maintained at 50 Hz and pulse width at 100 µs. 3) The rated intensities of

force and electrical stimulation were then used to map changes in hand position to changes in

current amplitude. With this protocol we determined that the maximum intensity was reached

sooner for hard objects than soft objects. This confirms that the slope of the position-intensity

relationship is representative of object stiffness, with higher slopes indicating greater stiffness.

4.3 Results

Four individuals with acquired transradial amputation had RPNIs surgically constructed on the

nerves of their upper limb (ulnar, dorsal radial sensory, and median nerves) (4.1A). All participants

had their RPNIs constructed prior to enrollment (Participant 1 (P1): 31 months, P2: 11 months,

P3: 14 months) except for P4. P1, P2, and P3 underwent a second surgery where electrodes
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Figure 4.1: A) Surgical details for participants 1 (P1), 2, 3, and 4 regarding side of amputation,
approximate length of amputation, and which RPNIs were implanted with electrodes for the pur-
poses of stimulation and control signal acquisition. B) Areas and qualities of reported sensation for
the four participants at or just above their perception threshold. Dotted elements represent sensory
percepts reported verbally. Solid elements were recorded using a computerized hand map. Arrows
represent movement of a digit (e.g. flexion, twitching), while ellipses indicate an area of cutaneous
sensation. All cutaneous sensation was described as ‘tingling’ in nature.

(Synapse, Oberlin, OH, USA) were implanted into their RPNIs, while P4 had electrodes implanted

at the time of RPNI construction. In a series of experiments, beginning a minimum of 1 month

post-implantation, we electrically stimulated the RPNIs to assess the consistency of the location

and quality of the sensation over time, the participants’ functional stimulation range, and their

sensitivity to changes in simulation parameters. In a series of case studies, we simultaneously

stimulated multiple RPNIs, and determined if graded sensation could be used to determine object

stiffness.
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4.3.1 Location and Quality of Sensation over Time

Approximately once per month, participants were stimulated at or just above their perception

threshold. P1 completed seven test sessions over 9 months, starting 1 month after wire implan-

tation. Sensation locations and qualities were recorded during four of these sessions. When his

Median RPNI was stimulated, P1 verbally reported cutaneous sensation in his thumb and index

finger, or the sensation of thumb flexion (Figure 4.1B). In response to stimulation of the Ulnar

RPNI, P1 reported cutaneous sensation in the middle and ring fingers, and instances of “fluttering”

or flexion in the little and ring fingers, respectively (Figure 4.1B). Cutaneous sensations for both

RPNIs were described as “tingling”.

P2 completed 32 stimulation sessions over 42 months, beginning 1.5 months following wire

implantation. The areas and qualities of sensation were recorded during 21 sessions. When her

Median RPNI was stimulated, P2 primarily reported sensation at the base of the thumb (95% of the

time), and reported sensation in the forearm only once. When the Ulnar-1 RPNI was stimulated, P2

primarily reported sensation along the ulnar border of the hand proximal to the small finger (95%),

in addition to singular reports of sensation throughout the small finger or forearm. Stimulating the

Ulnar-2 RPNI typically resulted in “tingling” sensations in and around the small finger (57%), but

also included “tugging” sensations in the middle, ring, or small finger.

P3 completed 10 sessions over 10 months, beginning 3 months after wire implantation. Sensa-

tion locations and qualities were reported during each session. Stimulation of the Median-2 RPNI

consistently elicited sensation at the base of P2’s thumb (80%), though in two instances elicited

sensation in his phantom wrist and once along the backs of all four of his fingers (not pictured).

Stimulation of the Ulnar-1 RPNI resulted in sensation throughout the small finger (90%), and once

in the wrist. In contrast, stimulation of the Ulnar-2 RPNI exclusively resulted in sensations in

the phantom wrist (100%), though the exact location varied. Finally, stimulation of the Median-1

RPNI did not result in consistent, nor anatomically appropriate sensation and frequently resulted in

sensation that was perceived in non-referred sensation within the residual limb (40% of the time).

P3 reported all sensations as cutaneous and “tingling” in quality.
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P4 completed 5 sessions over 5 months, beginning 3 months after wire implantation. Sensation

locations and qualities were reported during each session. In the first session, only stimulation

of the Ulnar-2 RPNI evoked any referred sensation, however all RPNIs evoked sensation when

stimulated in months four and five. Due to this small data set, percentages will not be reported for

P4. Stimulation of both Median RPNIs produced sensation in the index and ring fingers, typically

along the adjacent edges of the two fingers. On one occasion, stimulation of the Median-1 RPNI

also evoked sensation on P4’s thenar eminence. Stimulation of both Ulnar RPNIs evoked sensation

on the tip of the index finger. Stimulation the Ulnar-1 RPNI also produced sensation on the palm

and thenar eminence, while stimulation of the Ulnar-2 RPNI produced sensation in the wrist on

a single occasion. Finally, stimulation of the Radial RPNI produced thin areas of sensation along

the residual limb. P4 reported all sensations as cutaneous and “tingling” in quality. Of note, P4

experienced persistent ambient sensations in his phantom limb, including ‘burning’ sensations,

intermittent ‘shocks’, and cramped fingers. Sensory reports took these into account before and

after stimulation to ensure that recorded sensations only included novel sensations that resulted

from stimulation.

4.3.2 Functional Stimulation Range

The upper and lower bounds of stimulation amplitude were quantified for each participant, defined

here as their functional stimulation range. Here, the lower bound is the perception threshold,

defined as the minimum amplitude required to elicit a referred sensation. The upper bound is

the “discomfort threshold”, or minimum amplitude required to elicit a sensation that a participant

describes as “uncomfortable”.

Average perception thresholds across all participants and RPNIs were less than 5 mA (Fig-

ure 4.2; Appendix A), with a majority below 1.5 mA across all RPNIs, with the exception of P4’s

Ulnar-1 RPNI which had a perception threshold of 6.7 mA. A Pearson correlation coefficient was

calculated to assess whether perception thresholds changed significantly over time for P1, P2, and

P3. Thresholds for P1 and P2 across all RPNIs remained stable over time (p ¿ 0.05). P3’s Median-1
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Figure 4.2: Left) Perception thresholds for participants P1, P2, P3, and P4 over time, measured in
months after electrode implantation surgery. Dashed lines indicate gaps when a threshold could
not be determined for a given RPNI. Right) Average and standard error of sensory thresholds over
time for participants. Discomfort thresholds were only recorded for participants P2 and P3. For
thresholds with less than three observations, only averages are presented.
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RPNI also remained stable over time (p = 0.063), however there was a significant correlation be-

tween time and perception thresholds for his Median-2 (p = 0.02), Ulnar-1 (p ¡ 0.01), and Ulnar-2

(p = 0.04) RPNIs.

P1 was no longer enrolled in the study at the time discomfort threshold testing began, and

discomfort thresholds for P4 were not collected at the time of reporting. P2’s discomfort thresholds

were significantly higher than her respective perception thresholds, with a functional range of at

least 3 mA across all three RPNIs (Figure 4.2). In contrast, P3’s discomfort thresholds were only

marginally higher than his perception thresholds. Additionally, P3 typically reported sensation at

the electrode site prior to reaching a discomfort threshold. This, combined with difficulty finding

consistent thresholds for P3, resulted in several sessions where no discomfort threshold could be

determined for certain RPNIs.

4.3.3 Sensitivity Testing

Sensitivity to stimulation on a given RPNI for P2 and P3 was defined by calculating just noticeable

differences (JNDs) using a two-alternative forced choice protocol (see Methods). This protocol

required that a given RPNI have a defined functional stimulation range greater than 1 mA, and at

least two observations of a discomfort threshold. All three of P2’s RPNIs met these constraints,

as did the Median-2 and Ulnar-1 RPNIs of P3. Two of P3’s RPNIs were excluded, including his

Median-1 RPNI, which had an inconsistent discomfort threshold, and his Ulnar-2 RPNI which had

a functional stimulation range of 0.95 mA.

Tests were centered around 25% and 50% of the functional range of each RPNI. For the 25%

condition, both P2 and P3 were sensitive to changes in stimulation amplitude (indicated by fits

of cumulative normal distributions with inflection points between 0% and 100%) across each of

their tested RPNIs (Figure 4.3). For this condition, P2’s JNDs for her Median, Ulnar-1, and Ulnar-

2 RPNIs were 0.52, 0.34, and 0.70 mA, respectively. P3’s JNDs for his Median-2 and Ulnar-

1 RPNIs were 0.64 and 0.11 mA, respectively. The average JND across all RPNIs in the 25%

condition was 0.64 mA. For the 50% condition, both participants were generally less sensitive
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Figure 4.3: Results of two-alternative forced choice tasks for P2 and P3. Open circles indicate
reference amplitudes, and are fixed at a value of 50% on the y-axis. Closed circles represent
averages of ten trials for each test amplitude. Points were fit with cumulative normal distributions
(CMDs). Data sets with a linear fit indicate that a CMD fit was not possible. (N: number of trials
across all presented amplitudes, PW: pulse width, PF: pulse frequency)

to changes in stimulation amplitude (flatter cumulative normal distributions). P2’s JNDs for her

Median and Ulnar-2 RPNIs were 0.64 and 0.49 mA, respectively. P3’s JND for his Ulnar-1 RPNI

was 0.16 mA. For two RPNIs in the 50% condition (P2: Ulnar-1 RPNI, P3: Median-2 RPNI), the

participants could not consistently differentiate between higher and lower stimulation amplitudes,

resulting in fits with inflection points outside of 0% and 100%. In these cases, no JND could

be determined (Figure 4.3). The average JND across all valid RPNIs in the 50% condition was

0.43 mA, though this value is misleading due to the absence of both RPNIs with low sensitivity in

the 50% condition. In the context of our participants’ functional stimulation ranges, these results

indicate our participants could detect between 7 and 15 distinct levels of intensity between their

perception and discomfort thresholds.

97



4.3.4 Influence of Stimulation Methods on Sensation

In P2 and P3, we explored how sensory percepts changed in response to increasing sensation above

the perception threshold. Generally, increasing the amplitude of the stimulation caused the sensa-

tion to become more intense, but did not change its location or quality. The only exception was P2’s

Ulnar-2 RPNI, which changed in both area of sensation and quality of sensation as the stimulation

amplitude increased (Figure 4.4A). At 1.5 mA, just above the perception threshold, P2 reported

a cutaneous tingling sensation along the ulnar side of her hand. The area of sensation increased

with stimulation amplitude until 3.5 mA. At that amplitude, P2 additionally felt a “tugging” on her

phantom ring finger. At 7.5 mA, P2 described a stronger tug on her ring finger and a lighter tug

on her small finger, in addition to the previously reported cutaneous sensation. Further increases

in amplitude only resulted in increases in intensity, but not any changes in the area or quality of

sensation.

In each of the prior experiments, RPNIs were stimulated individually, in isolation. To determine

how sensation changed during simultaneous stimulation of multiple RPNIs, an additional experi-

ment was with P2 stimulating different pairs of RPNIs (see Methods). Simultaneous stimulation of

two RPNIs resulted in four different outcomes. For two RPNIs, A and B, which refer sensation to

sites on the phantom hand (a) and (b), either 1) the participant would feel sensation only at site (a),

2) the participant would feel sensation only at site (b), or 3) the participant would feel sensation

P2 P3
Median
RPNI

Ulnar-1
RPNI

Ulnar-2
RPNI

Median-2
RPNI

Ulnar-1
RPNI

Range (mA) 1.10-6.74 0.95-3.88 1.12-9.77 4.30-7.75 0.96-2.86
Reference 25% 50% 25% 50% 25% 50% 25% 50% 25% 50%
JND (mA) 0.52 0.64 0.34 0.70 0.49 0.64 0.11 0.16
Weber Fraction 0.134 0.163 0.204 0.213 0.09 0.120 0.079 0.091
% Range 9.2 11.3 11.7 8.1 5.7 14.1 6.5 9.7

Table 4.1: Functional stimulation range for each regenerative peripheral nerve interface (RPNI)
used in sensitivity testing, and results of sensitivity testing. JND: Just noticeable difference.
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at sites (a) and (b) (Figure 4.4B). Which site the participant perceived seems to depend primarily

on which RPNI was stimulated at a higher amplitude, or which generated the greatest intensity in

sensation. Interestingly, if the participant experienced the two distinct areas of sensation and then

the stimulation waveforms for each RPNI were shifted out-of-phase relative to each other, then the

participant perceived only one of the two areas. This was repeatable for phase shifts of 3 µs when

stimulating the Median and Ulnar-1 RPNIs at their perception threshold.

Finally, in four of the seven sessions in which simultaneous stimulation was conducted, an

additional behavior was observed: 4) the participant would feel a novel sensation (c) between sites

(a) and (b). This phenomenon was observed only when using one of our two electrical stimulation

systems, and only for simultaneous stimulation of P2’s Median and Ulnar-1 RPNIs when both

RPNIs were stimulated around their perception threshold (Figure 4.4C). During sessions when this

occurred, this novel point (c) was typically in the palm, close to the wrist and centered between the

median and ulnar sides of the hand. Then, when the amplitude of stimulation to the Ulnar-1 RPNI

was decreased, the perceived area shifted toward the median side. And when the amplitude of the

stimulation the Median RPNI was decreased, the perceived area shifted toward the ulnar side. At

this point the perceived area can be ‘steered’ by adjusting the relative amplitudes of waveforms sent

to the Median and Ulnar-1 RPNIs, a process we call “sensory steering”. To test the consistency of

this phenomenon, P2 was randomly stimulated either on the Ulnar-1 or the Median RPNI only, or

simultaneously stimulated on both. In this experiment, P2 correctly identified that stimulation was

directed at the left, right, or center of her hand in 27 of 30 trials (90% accuracy).

4.3.5 Object discrimination

P2 also completed an object discrimination task without either visual or auditory external stimuli.

In this task, amplitude of electrical stimulation was mapped to perceived gripping force (rated by

the participant prior to the experiment when gripping objects with their intact hand) and asked the

participant to determine whether a virtual object was soft or hard (See video in Supplementary

Materials). Across 12 simulated objects, P2 was 83.3% accurate at determining whether the object
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C Simultaneous Stimulation (Single area)
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Figure 4.4: Experiments conducted with P2 to explore sensation manipulation. A) Increasing the
amplitude of stimulation to P2’s Ulnar-2 RPNI resulted in an increase in the perceived area of cuta-
neous sensation. Additional increases in amplitude resulted in the addition of a flexing sensation in
the ring and small fingers of the phantom hand. B) Simultaneous stimulation of P2’s Median and
Ulnar-1 RPNIs typically produced two distinct areas of sensation. These two areas were approxi-
mately the same as the areas P2 reported when either RPNI was stimulated individually. C) Results
of simultaneous stimulation of P2’s Median and Ulnar-1 RPNIs sometimes produced a single area
of sensation that could shift position based on the relative stimulation amplitude of both RPNIs.
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was hard or soft. P2 failed to correctly identify only two presentations of the soft object, and

correctly identified all presentations of the hard object.

4.4 Discussion

An ideal bi-directional prosthesis requires a method of delivering somatotopically accurate sensory

feedback to an individual consistently over time. In this study we demonstrated that by electrically

stimulating RPNIs we could consistently produce sensation referred to the phantom hand of partic-

ipants with major upper limb loss. These individuals had been living with an acquired amputation

for months to years prior to stimulation of their RPNIs. And yet, stimulation across the majority

of RPNIs resulted in sensations that were within expected “receptive fields” for each nerve (i.e.

stimulating an RPNI constructed using the median nerve resulted in referred sensation within an

area that is associated with median nerve sensory innervation in healthy individuals). The ability to

do so over the span of months and years indicates the viability of RPNIs as a long-term approach

to restoring sensation to individuals with amputation.

The four participants in this study had RPNIs mainly constructed on their median and ulnar

nerves, which together innervate and provide sensation to the entire palmer aspect of the intact

human hand. Stimulation of the median nerve in our four participants typically elicited referred,

cutaneous sensation on the index finger, thumb, or thenar eminence. Reports in these areas agree

with previous work stimulating the median nerve [56] and are appropriate for the median nerve sen-

sory distribution in the hand. Stimulation of the ulnar nerve in our participants typically elicited

referred, cutaneous sensation on the small finger, and the ulnar side of the hand proximal to the

small finger, though it also resulted in somewhat consistent sensations of finger flexion in P2’s

Ulnar-2 RPNI, and cutaneous sensation across the wrist in P3’s Ulnar-2 RPNI. These reports gen-

erally agree with stimulation of the ulnar nerve in previous work [56] and are appropriate for the

ulnar nerve sensory distribution in the hand.

However, participants also reported sensations that were outside of these expected receptive
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fields. P1 and P4 reported that Ulnar RPNI stimulation evoked sensations on their index finger,

which is in the receptive field of the median nerve. Stimulation of P3’s Median-1 RPNI resulted

exclusively in sensation proximal to the ring and small fingers, areas that are within the ulnar

nerve’s receptive field. Notably, we have found that this RPNI has motor signals that would be ex-

pected from the median nerve (i.e. contraction for phantom thumb movement). Other studies that

used cuffs or intraneural electrodes for stimulation have also reported sensations in areas outside

of the stimulated nerve’s receptive field, such as reports of sensation on the dorsal side of the hand

when stimulating the median nerve [38, 144, 137] or middle finger [38], index finger [38, 2], and

thumb sensation [38, 2] when stimulating the ulnar nerve. These findings may be a result of neu-

roplasticity following an amputation, time since amputation, or leakage of stimulation current into

tissue outside of the target nerve. Additionally, provide medical history in our patients could have

resulted in non-standard locations and health of nerves prior to RPNI construction surgery. How-

ever, further study is required to investigate the mechanisms behind these unexpected sensation

locations.

For long-term use of any future bi-directional prosthesis, it is essential that the location of the

sensation is consistent over time. In this work, we demonstrated that sensations for P2 and P3 were

consistent over 3.5 years and 10 months, respectively. In comparison, nerve cuffs are the only type

of technology that has demonstrated consistent [126] or semi-consistent [2] referred sensation on

the order of years, while spinal cord stimulation [20] and intraneural stimulation [40, 38] have

reported stable locations of evoked sensation over only the span of weeks. Similar to our work,

these studies also reported that the locations of perceived sensation for certain electrodes changed

multiple times throughout the study’s duration [38, 2, 126]. Common theories for why stimulation

on a given electrode may evoke sensation at different locations over time include a shifting of the

electrode relative to the nerve, the buildup of scar tissue around an electrode, or neuroplasticity in

how the stimulation is being processed by the brain [56].

An additional goal of bi-directional prostheses is the ability to provide graded sensory feedback

on pressure or position of the hand. Here, we found that participants were sensitive to changes
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in stimulation amplitude across multiple RPNIs. Two other studies reported on the sensitivity

of individuals with amputation to changes in nerve stimulation parameters [61, 104]. Measures of

sensitivity are not standardized, however, so direct comparisons of different approaches is difficult.

As done here, prior work has quantified the just noticeable difference (JND) in stimulation param-

eters using two-alternative forced choice tasks. Most studies quantify JND alone, while relatively

fewer also present Weber fractions. The Weber fraction (WF) is the JND divided by the reference

value, and it is thus more useful for comparing between electrodes, participants, and studies. Weber

fractions roughly describe the fraction of a reference intensity that an individual can detect, with

smaller WFs representing greater sensitivity. A study using nerve cuffs around the median nerve

found that when modulating stimulation frequency participants had larger WFs (0.33 and 0.30 for

reference frequencies of 50 Hz and 100 Hz, respectively) compared to when pulse width was mod-

ulated (WF of 0.05), indicating that participants were more sensitive to changes in pulse width [61].

WFs calculated for our participants across each tested RPNI fell between 0.08 and 0.21, which is

less sensitive than the pulse width condition but more sensitive than either frequency condition of

this study. Another study stimulating the tibial nerve intraneurally reported WFs of 0.055, 0.057,

and 0.038 when modulating stimulation amplitude [104]. These indicate slightly greater sensitivity

compared to results presented here. It is worth noting that prior studies have not typically reported

discomfort or pain thresholds. The lack of a reported upper bound makes it difficult to determine

how many discernible levels of sensation are possible in a given approach, though Graczyk et al

[61] do directly report that their participants could reliably differentiate 20 intensity levels. In this

study we also report both the functional stimulation range and JND normalized to this range to aid

in future comparisons.

A limitation of RPNI stimulation is that there are only a few targets for stimulation. Accord-

ingly, it is important to determine if manipulating the stimulation applied to these targets can alter

the quality and location of the sensation felt. Here, we conducted a series of exploratory studies

varying parameters of the stimulation waveforms and simultaneously stimulating multiple RP-

NIs. Increasing amplitude has been widely reported to expand the area of perceived sensation,
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regardless of stimulation approach (e.g. nerve cuffs, intrafascicular electrodes) [56]. Increasing

amplitude can also change sensation quality [131, 98]. These changes are likely due to the re-

cruitment of additional nerve fibers. We also investigated the effects of stimulating two RPNIs

simultaneously. Studies that conducted simultaneous stimulation experiments typically reported

that the simultaneous stimulation of two electrode contacts resulted in two distinct areas of sensa-

tion [124, 38, 42], similar to what we reported for in-phase stimulation (Figure 4.4B). Only one

study reported novel sensation areas during simultaneous stimulation that were not reported during

single-site stimulation [42], and while these results are interesting they were not discussed in the

text. Our work appears to be the first report of simultaneous stimulation of two electrodes produc-

ing a single novel sensation that could be recreated and manipulated. This phenomenon, referred

here as ‘sensory steering,’ was observed only for the combination of P2’s Median and Ulnar-1 RP-

NIs at stimulation amplitude levels around the perception threshold, and only when the waveforms

sent to each RPNI were perfectly in-phase. Shifting the waveforms out of phase, increasing stimu-

lation amplitude above the perception thresholds, increasing pulse width, and increasing frequency

all resulted in evoking two distinct areas of sensations rather than one. The ability to produce novel

sensations without the need for additional electrodes and move these sensations in real-time would

present exciting new possibilities for referred sensation and bi-directional control. Future work is

necessary to determine what parameters are necessary to elicit sensory steering and whether it is

possible in the broader population.

As in many studies of prosthetic sensation, it can be difficult to compare across individuals

due to the unique nature of each individual’s injury, history, and perceptions. For example, P3

was treated for cancer prior to enrollment in this study, and while records indicate that he did not

receive any radiation therapy it is unclear if any of the medical management (i.e. chemotherapy)

of his cancer might have negatively affected his perception of sensations, which were less consis-

tent and anatomically concordant than those of the other two participants. Additionally, the three

participants had differing surgeries. P2’s ulnar nerve and both P3’s median and ulnar nerves were

split into two fascicles, each with their own RPNI, while all other RPNIs were constructed from
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nerves that were not split. Each nerve tested was a mixed nerve with sensory and motor axons. It

is possible that the splitting of P3’s median nerve (which was notably split more proximally than

P2’s ulnar nerve split) resulted in one branch that was predominantly made up of motor axons

and another that was predominately made up of sensory axons. We expect that if an RPNI was

predominantly composed of motor axons, then that RPNI would be less useful for evoking sen-

sation, either requiring much higher currents, producing inconsistent sensation, or not producing

any sensation at all. This might explain the results for P3’s Median-1 RPNI, which did consis-

tently produce strong efferent motor action potentials for movements of the phantom thumb and

index finger, but required high and inconsistent current levels to evoke sensations at inconsistent

locations. Given the small number of participants with varied etiologies, it is difficult to determine

whether splitting the nerve affects the ability to elicit consistent sensation.

In conclusion, this study demonstrated that electrical stimulation of RPNIs in individuals with

upper limb amputation produced sensations that were referred to the phantom hand. For a majority

of RPNIs, sensation was perceived at a consistent stimulation amplitude over months to years. This

sensation was consistent in both location and quality. Participants were also sensitive to changes in

stimulation amplitude, particularly closer to their perception threshold. As a result, we were able to

demonstrate that a participant with limb loss could use changes in stimulation intensity to identify

objects of different stiffnesses. Finally, we were able to simultaneously stimulate two RPNIs to

generate either two distinct sensations, or one novel sensation that could be moved across the

phantom hand. Future work will determine whether these findings apply to the broader population

with limb loss and whether RPNIs can be used for simultaneous prosthetic control and feedback.
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CHAPTER 5

Regenerative Peripheral Nerve Interfaces (RPNIs)

Improve Task Performance in a Virtual Environment

Abstract

Sensation is critical for completing the motor control loop. This is especially true for individuals

who have lost a limb and depend on a prosthesis for object manipulation, as they not only lack the

sensation of an anatomical limb, but the dexterity of one as well. In this study, we stimulate regen-

erative peripheral nerve interfaces (RPNIs) to restore feedback to individuals with acquired am-

putation, and assess how the presence or absence of this feedback affects performance in a virtual

box and blocks test. Participants moved a virtual hand through virtual space via a motion tracker

on their residual limb, and actuated the virtual hand using surface electrodes that measured their

residual muscle activity. Contact events between the virtual hand and virtual objects then triggered

stimulation of their RPNIs, or the vibration of a motor as an analog for more common and less

invasive methods of sensory feedback. Two participants had one minute to move as many blocks

from one side of the partition to the other, with the number of blocks moved and number of at-

tempted block transfers recorded for each of three trials across each feedback condition. While one

participant showed no difference in performance across the different feedback conditions (transfer-

ring a maximum of 5 or 6 blocks in each condition), the second participant transferred more blocks

when given RPNI-enabled feedback (max of 15 blocks) compared to no feedback (12 blocks). The

participants also reported enjoying the incorporation of location-matched sensory feedback during
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experiments, with one participant commenting that during the bi-directional control task they expe-

rienced having much more control over their phantom limb than they do ordinarily. These findings

indicate that RPNIs can improve performance in a manual task, however even for participants that

do no show increases in performance, the addition of sensation is still valuable.

5.1 Introduction

Individuals with upper limb loss experience a loss of function resulting from both a loss of dex-

terous manipulation and a loss of sensation. Prosthetic limbs are designed to replace that lost

function, however commercially available prostheses offer little to no sensory feedback and are

typically limited to a single degree of freedom. Therefore, the development of more effective

bi-directional prosthetic limbs has been an objective in the field of prosthetic research. Several

methods exist to provide feedback to individuals with amputation with various levels of homology

(matched quality of sensation) and somatotopy (matched location of sensation), with naturalis-

tic sensation being both homologous and somatotopic. Sensory substitution is the most common

method of sensory feedback provided to prosthesis users in the literature [6], however recent efforts

in direct nerve stimulation [56] have attempted to expand options for somatotopic and homologous

feedback types. One method to generate both efferent control signals and afferent sensation sig-

nals is a Regenerative Peripheral Nerve Interface (RPNI). An RPNI is constructed by wrapping

a muscle graft around a free nerve ending and allowing the nerve to reinnervate over the course

of several months [76]. While previous works have demonstrated that RPNIs can be used as sta-

ble control inputs for a prosthetic hand [134, 140, 53] and as stable methods of evoking referred

sensory feedback [134], the use of RPNIs in bi-directional control has not yet been demonstrated.

It is often difficult to assess the utility of a particular sensory feedback strategy, as the ben-

efits may be limited by the hardware itself. A mismatch between a participant’s limb length or

side of amputation may render a prosthesis unable to be used in experimentation. Similarly, if a

prosthesis does not have sensors that match the locations an individual perceives sensation upon
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electrical stimulation, or if the modality of sensor information and perceived feedback is different,

the sensation cannot be somatotopic and function may be negatively affected [67]. One potential

solution to these issues is the use of a virtual reality environment (VRE) for creating a virtual

prosthesis that is customized to a given user. A VRE allows researchers to test the integration of

complex mechanical devices, sophisticated control algorithms, and novel control inputs without

the cost, weight, or hardware challenges associated with a physical system [72, 63]. VREs can

also be designed to incorporate aspects of ‘serious gaming’ which can increase engagement and

motivation during training [50, 72]. Several groups have used VREs to demonstrate that individu-

als can differentiate object characteristics [88, 74] or complete simple activities of daily living [74]

using simultaneous sensation and control of a virtual prosthesis. However, neither of these studies

provided participants with an egocentric view of the prosthesis or collocated the virtual prosthesis

with their phantom limb. An egocentric view via a virtual reality headset is critical for individuals

to make realistic grasping movements or attempt dexterous tasks by providing depth information

to the participant and by placing the virtual prosthetic limb where the user expects it to be.

While not focused on sensation, several groups have provided participants with this egocentric

view as well as control over the position and actuation of a virtual hand to study upper limb func-

tion in a VRE. Some of these groups have developed virtual versions of the Box and Blocks Test, a

common clinical assessment of gross manual dexterity, finding the virtual task performance to cor-

relate strongly with performance in the standard physical version for individuals post-stroke [45],

and that test-retest reliability of these virtual tasks is high for individuals post-stroke [45] and indi-

viduals with Parkinson’s disease [93]. Another group demonstrated that when participants without

amputation used a virtual prosthesis with a wrist rotator, their shoulder and torso angle range of

motion decreased compared to when they had no wrist rotator [91]. Others have demonstrated the

benefits of VREs for prosthetic training and fitting in individuals without amputation [63, 12].

According to a recent literature review of VREs for upper limb prosthesis training, the majority

of studies reviewed were either non-immersive or did not collect data on any individuals with am-

putation [50]. Without these elements, it may be difficult for a study to extend their results to the
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population of prosthesis users that may actually benefit from these technological developments.

An additional gap this review identifies is the lack of research into VRE studies of neuroprosthetic

control [50], which typically involves a peripheral nerve interface that allows for either prosthetic

control, refers sensation to the phantom limb via direct nerve stimulation, or both. While several

studies have used non-immersive VREs to test bi-directional control in static tasks like object iden-

tification [88], there is a lack of immersive VREs that do the same with tasks that require movement

of the virtual limb. Without this immersive element with an egocentric view, it is difficult to co-

locate a virtual prosthesis with an individual’s own phantom limb. If the virtual prosthesis and the

phantom limb cannot be co-located then feedback in the virtual space can never be somatotopic,

or location-matched, which is a necessary component of naturalistic sensation.

The purpose of this work was to determine the utility of RPNI sensation in the performance of

a standard functional assessment, the Box and Blocks Test. To address prior gaps, we developed

a VR environment with an egocentric view and minimal time delays. We compared performance

between no-feedback, somatopic feedback and non-somatopic feedback, with the expectation that

somatopic feedback would improve performance.

5.2 Methods

5.2.1 Participants

Two participants with amputation participated in this study. All experiments were performed with

the approval of the University of Michigan’s Medical School Institutional Review Board, and each

participant provided their written and informed consent (Clinical trial NCT03260400).

Participant 1 (P1) was a 51-year-old woman who underwent a partial amputation of her right

hand after an intravenous extravasation injury, and later underwent a distal transradial amputation.

At the time of the transradial amputation, regenerative peripheral nerve interfaces (RPNIs) were

constructed out of P1’s median, ulnar, and dorsal radial sensory nerves. Her ulnar nerve was split

to create two RPNIs (denoted Ulnar-1 and Ulnar-2). One year post-amputation, P1 had electrodes
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(Synapse, Oberlin, OH, USA) implanted in her one median and both ulnar nerve RPNIs, in addition

to five residual forearm muscles.

P2 was a 53-year-old man who underwent a wrist disarticulation of his left hand due to trauma.

P2 later received targeted muscle reinnervation to address nerve pain, however the procedure was

unsuccessful. Two and a half years after the original amputation, P2 underwent surgery for the

construction of RPNIs out of his median, ulnar, and dorsal radial sensory nerves. P2’s median

and ulnar nerves were split to create two RPNIs each. As part of the same surgery, the electrodes

(Synapse, Oberlin, OH, USA) were implanted in the Median-1 and Median-2 RPNIs, the Ulnar-1

and Ulnar-2 RPNIs, and in the single Radial RPNI. Electrodes were also implanted in 7 residual

muscles: the flexor pollicis longus, the index flexor digitorum profundus, the small finger flexor

digitorum profundus, the pronator, supinator, extensor pollicis longus, and extensor digitorum

communis.

Notably, data from P1 has been reported previously in the work of Vu et al. as participant P2 in

[134] and P4 in [135]. Data from P2 was reported previously as P4 in Chapter 4. For more details

on the RPNI surgery and electrode implantation procedure, please refer to [76].

5.2.2 Sensory Characterization

We first characterized the perceived areas of sensation experienced by participants when each of

their RPNIs were stimulated. Briefly, we used square, symmetric, charge-balanced, biphasic wave-

forms with time-invariant stimulation parameters to generate sensations. Stimulation parameters

were first explored using a Digitimer-DS7a (Cephalon, Norresundby, Denmark) system with fre-

quency and pulse width set to 20 Hz and 100 us, respectively. Amplitude was increased until the

participant reported feeling sensation, or until 10 mA was reached (as our safety threshold was

10 µC). The locations of perceived sensations were then recorded, and the RPNIs that produced

the most consistent sensation at the lowest amplitudes were chosen for experimentation with the

bidirectional system. More details on this characterization process can be found in Chapter 4 of

this dissertation.
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In the bidirectional testing setup we used the NOMAD system (Ripple Neuro, Salt Lake City,

UT, USA) as it was fully programmable (unlike the Digitimer system). Unfortunately, the NO-

MAD can only output up to 2.5 mA, as opposed to the Digitimer’s range of up to 10 mA, which is

what motivated us to select RPNIs with the lowest amplitude sensory thresholds.

5.2.3 Virtual Reality Environment Componentry

Real-time PC

Simulink
Signal Decoding

Virtual Reality PC

MATLAB
Data Packet 

Parsing

Python
Data Transfer 
and Logging

Unity
Virtual Environment 

Rendering

NOMAD

Camera System

Decoded prosthetic 
hand commands Sensor readings and 

object positions

Prosthetic hand 
commands

Environment 
visualization

Stimulation commands

Stimulation 
waveforms

Efferent motor 
commands

VR Headset

VR Controller

Prosthetic hand 
commands

Headset and 
controller 
location

Figure 5.1: Block diagram of the Virtual Reality Environment. Efferent motor signals from surface
electromyographic electrodes are processed by the Real-time PC and used to determine prosthetic
control commands. These commands are passed to the VR PC. The VR PC passes these commands
into Unity, which renders the virtual environments and the actuates the virtual prosthesis within it.
Contact events from the virtual environment are used to generate stimulation commands. These
stimulation commands are sent to the NOMAD, which generates stimulation waveforms and sends
these to the appropriate RPNI via transcutaneous wires running to electrodes implanted in the
RPNIs.
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Hardware

Several networked PCs are required for the VRE setup (5.1). The real-time PC (xPC) is primarily

responsible for real-time processing of efferent control signals. The xPC passed prosthetic control

outputs to an operator PC (oPC) via an ethernet cable. The oPC was the main node for exchanging

data between different PCs and pieces of software. The oPC received control commands from the

xPC, was used to manage the tracking and processing of the virtual reality headset and controllers,

ran the VRE physics simulation, and was equipped with a graphic card for processing and sending

the visualization of the VRE to an HTC Vive Pro VR headset (HTC, Xindian, New Taipai, Taiwan).

Finally, the oPC processed contact events detected in the VRE physics simulation and sent direct

nerve stimulation commands to the NOMAD via Wi-Fi.

Software

Proceeding through the human-computer control loop, efferent control signals were collected via

implanted electrodes and processed by the xPC using a custom model developed in Simulink

(C++). The Main script managing inputs and outputs to and from the VRE was written in Python

3.9 and is run on the oPC. This script used the MATLAB Engine package to run MATLAB scripts

for accepting and decoding data packets from the XPC, then sent the prosthetic control commands

to the custom Unity (C#) VRE. Within the Unity VRE, the position and orientation of two Vive

controllers and a Vive Pro headset were tracked using two IR emitters and built-in tracking scripts.

Appropriate renders of the VRE were sent to the left and right screens within the headset. The VRE

calculated physics interactions between the virtual prosthesis and various physics objects at each

code loop using the MuJoCo (Alphabet, Mountain View, California, U.S.A.) physics engine pack-

age. Force sensors through the virtual prosthesis then measured contact events between the hand

and physics objects. At each loop the VRE then output the values of each sensor, the position and

orientation of the virtual prosthetic wrist, and a timestamp. Finally, the Main script accepted and

logged this data in a spreadsheet and, depending on the participant, condition, and sensor values,

sent a stimulation command to the NOMAD (5.1).
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Virtual Physics

The virtual environment used in this study was created in Unity (version 2021.1.20, Unity Soft-

ware, San Francisco, California, U.S.A.) using C#, with additional plug-ins to interface with the

MuJoCo physics engine and the HTC Vive system. The free and open-source MuJoCo physics

engine has been used previously for rendering real-time physics interactions in grasping and lift-

ing tasks [97, 78, 74, 88, 91]. This engine allows for soft contacts, friction forces, physics-based

actuators, and force sensors, all of which were important for simulating prosthetic grasping and

lifting tasks. Specific settings for the simulation as a whole, and properties for specific objects, are

provided in supplemental materials.

5.2.4 Experimental Protocol

We first placed two sets of surface electromyography (sEMG) gelled electrodes on the participant,

one set across the medial mass of muscle on the forearm and the other across the lateral mass of

muscle approximately 4-6 cm distal from the lateral epicondyle of the elbow. Electrode placement

was verified by visual inspection of signals when the participant thought about opening or closing

their phantom hand.

To enable virtual prosthetic control, a Kalman filter decoded surface electromyographic (EMG)

signals into real-time estimates of intended grip aperture. Briefly, EMG data was acquired and

decoded using gelled adhesive electrodes (EL503, Biopac, Goleta, CA, USA), a neural signal

processor (NeuroPort, Blackrock Microsystems, Salt Lake City, UT, USA), and real-time Matlab

computer (xPC Target, Mathworks, Natick, MA, USA). P1 and P2 used 4 and 2 bipolar electrode

pairs, respectively. EMG features were extracted by applying a 100-500Hz bandpass filter and

calculating the Mean Absolute Value in 50ms intervals. Grip aperture was then decoded in real-

time using a position/velocity Kalman filter. The coefficients for the Kalman filter were calibrated

by having the participants perform a bilateral mirrored training task, in which they attempted to

match the position of their phantom limb to the position of a hand displayed on a computer screen.

This method was based on previous RPNI control work, and a more in-depth explanation of the
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Figure 5.2: Experimental setup for the Virtual Box and Blocks Task. A) A participant wearing
one Vive controller to track the position of the residual limb (Yellow), and one Vive controller
for providing vibrotactile feedback during the appropriate experimental condition (Red). The par-
ticipant also has surface electrodes for measuring muscle activity (Green) and has percutaneous
wires used for stimulation of their RPNIs to evoke referred sensation (Blue). B) The virtual re-
ality environment (VRE) where experiments were conducted. The VRE was constructed to be a
comfortable space for participants to engage with the experimental task. Lighting and table height
were adjustable based on participant preference. C) A participant completing the virtual box and
blocks task within the VRE. The white circle indicates the participant’s head position. The virtual
hand tracks the position of the Vive controller mounted to the participant’s limb.

process can be found in [135]. Results from this training session were then processed offline

and a decoder was built for classification of future sEMG signals. Correlation coefficients for the

decoders were calculated, and if the linear correlation between participant data and the classifier

was less than 0.75, the electrodes were adjusted and the participant completed another decoder

training session. If the classifier did not meet the 0.75 correlation threshold multiple times, two

additional sets of surface electrodes were introduced.

Once a classifier was ready, participants started a 20 minute training session to familiarize

themselves with the VRE and the experimental task, the Virtual Box and Blocks Task (VBBT).
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The VRE consisted of a small furnished room in a neutral setting, and a table where the VBBT was

conducted. The VBBT consisted of two regions separated by a divider with the same dimensions

as the standard Box and Blocks Task. Two critical changes were made to differentiate this VBBT

task from the standard task: walls around each of the two regions were lowered so that the virtual

hand was less likely to get caught on a wall, and the number of blocks was reduced to 18 to reduce

the computational load of the simulation.

Both participants had limited previous experience with VR, and had never performed the ex-

perimental procedure prior to this study. The 20 minute training session consisted of participants

donning the VR headset, and practicing the lifting and placement of blocks under various feedback

conditions 5.1. Participants completed tasks in this order: 1) No feedback; only receiving visual

information via the headset, 2) Vibrotactile feedback; sensors in the virtual hand would trigger

the vibration of a second controller strapped to the participant’s forearm, 3) Direct nerve stimula-

tion. Direct nerve stimulation was further divided into somatotopic (location-matched) and non-

somatotopic stimulation. Somatotopic sensation involved the placement of virtual sensors only in

locations where the participant had previously experienced referred sensation during RPNI stim-

ulation. These sensors then triggered stimulation of the corresponding RPNI. Non-somatotopic

sensation only utilized virtual sensors placed at the distal end of the index finger and thumb of the

virtual prosthesis (the main points of contact to pick up a block). These pre-specified sensors then

triggered stimulation of RPNIs selected based on their proximity and position relative to the sensor

positions on the hand. Critically, only RPNIs with perception thresholds of less than 2.5 mA could

be used in this experimental setup due to current limitations of the stimulation hardware.

Condition Sensor Location Stimulation Method
Visual N/A N/A

Vibrotactile Virtual hand fingertips Controller Vibration
Non-somatotopic Virtual hand fingertips RPNI

Somatotopic Perceived sensation areas RPNI

Table 5.1: Conditions for the Virtual Box and Blocks Task.
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Once the training session was completed, participants were given a 5-minute break before ex-

perimental trials started. For each trial, participants had one minute to move as many blocks from

one side of the partition to the other. Each participant moved blocks from the area on the same

side as their prosthesis to the opposite side of the partition. During each trial, the number of blocks

successfully moved and the number of blocks dropped (anywhere outside of the target area) were

counted. Participants completed three trials per feedback condition, with a 1-minute break between

each trial and a 10-minute break with the headset off between conditions.

5.2.5 Juggling task

We also had participants attempt a juggling task that was designed to test their ability to quickly

act on sensory feedback and incorporate it into a fast, repetitive task. In this task, the virtual hand

was fixed in space and efferent motor commands were used to flex or extend the wrist to act like

a paddle. During the task, a ball with a coefficition of restituion of 0.9 (not perfectly elastic) is

dropped from above the hand. Participants were instructed to keep the peak of the ball’s bounces

within a target area, and would accomplish this by flexing the virtual wrist to impart a moment

force on the ball at each bounce.

Participants completed this task across three conditions: 1) a no feedback condition, in which

participants had to rely on visual feedback alone, 2) a vibrotactile feedback condition, in which

participants would feel a pulse from a Vive controller whenever the ball bounced, and 3) a soma-

totopic feedback condition, in which participants would feel a stimulation pulse via their RPNIs

whenever the ball bounced. We then analyzed the average maximum bounce height, and the num-

ber of bounces that participants could successfully keep within the target region.
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Figure 5.3: Experimental setup for the virtual juggling task. A) The setup prior to dropping the
virtual ball. The red bar will move to correspond with the maximum height reached in the previous
bounce. The transparent green box is the target bounce region. B) A visualization of the virtual
hand just after hitting the ball.

5.3 Results

5.3.1 Perceived Areas of Sensation

P1 had two RPNIs, the Median and the Ulnar-1, consistently refer sensation to the phantom limb

at stimulation amplitudes below the 2.5 mA current threshold prior to VRE experimentation. P1’s

Median RPNI referred sensation to her thenar eminence, while her Ulnar-1 RPNI referred sensation

to the side of her hand proximal to her the small finger (5.4). P2 only had a single RPNI, Ulnar-

2, consistently refer sensation to the phantom limb at stimulation amplitudes below the 2.5 mA

current threshold prior to VRE experimentation. P2’s Ulnar-2 RPNI referred sensation to the tip

of his index finger, either on the pad of the fingertip or along its edge (5.4). Sensation for both
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participants was described as tingling in quality, generally as unnatural but not uncomfortable.

Ulnar-1
RPNI

Median
RPNI

Ulnar-1
RPNI

Virtual
Hand

Phantom
Hand

P1 P2

Figure 5.4: The somatotopic mapping between sensors in the virtual reality environment and the
corresponding perceived areas of sensation. Virtual sensors triggered the stimulation of predeter-
mined RPNIs, which then evoked sensation within the indicated regions.

5.3.2 Virtual Box and Blocks Task Performance

P1 completed the VBBT under all feedback conditions (5.5), moving an average of 4.5 +/- 1 blocks

out of an average of 8.2 +/- 1.9 transfer attempts each trial. P1 moved the most blocks on average

during somatotopic feedback trials (5 blocks), and moved the least blocks during non-somatotopic

trials (4 blocks), in which stimulation of their Median and Ulnar-1 RPNIs were triggered by sensors

on the thumb and index, respectively, of the virtual prosthesis.

P2 completed the VBBT under the No Feedback, Vibration, and Somatotopic conditions (5.5),

moving an average of 11 +/- 2.8 blocks out of an average of 16 +/- 2.2 transfer attempts each trial.
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Figure 5.5: Results for the Virtual Box and Blocks Test. Each of the implanted participants com-
pleted the task three times under several feedback conditions. One control participant completed
the task five times with no feedback. Individual data points are plotted from left to right in order
of collection.

P2 did not complete the Non-somatotopic feedback condition, as the sensors for the somatotopic

feedback condition overlapped with the locations of the sensors for the non-somatotopic feedback

condition. P1 moved the most blocks on average during the somatotopic feedback trials (12.7

blocks), and moved the least blocks on average during No Feedback trials (9.3) blocks.

Missed block transfers by either participant were primarily due to either 1) lifting the hand

up without successfully grabbing the block, and 2) opening the hand during the transfer before

crossing over the divider. P1 made the first error more frequently, due in part to her difficulty in

opening the virtual prosthesis during some periods of the collection. P2 more commonly made the

second error, likely because he was moving quickly and would lose a hold on the block.

While each participant did have time to practice the task prior to data collection, visual inspec-

tion of the data plotted with respect to time indicates some potential learning effects within and

across feedback conditions (5.5). The trendline of blocks successfully moved for P1 has a slope of

0.06, which indicates close to no improvement over her 12 trials, however the trendline of this data
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for p2 has a slope of 0.68. While we lack sufficient data to assess the significance of these trends, it

is difficult to decouple P2’s performance with different feedback conditions from their experience

with the task.

Across both participants, the highest average number of block transfers attempted was during

the No Feedback condition (12.7 blocks), followed closely by the somatotopic condition (12.5

blocks). The non-somatotopic condition had the least number of block transfers attempted (6.7

blocks), however this is skewed as only P1 completed the non-somatotopic condition. Of condi-

tions that were completed by both participants, participants moved the least blocks and dropped the

most blocks in the No Feedback condition on average (7 blocks moved, 5.7 blocks dropped) and

moved the most blocks while dropping the least blocks on average in the somatotopic condition

(8.8 blocks moved, 3.7 blocks dropped). For number of blocks dropped and total transfer attempts

for each participant, see (A.4).

5.3.3 User Testimony

Both participants were also asked to describe their subjective experience engaging with the VRE,

and using a virtual bi-directional prosthesis.

P1 primarily described sensation as making the VBBT easier, even if it did not necessarily

improve her performance. Of the task, she said “It was easier [with sensation] because it let me

know where the blocks were. Like, ‘Oh, okay, I really am touching a block’” and “It lets me know I

have something. Like I can feel the object.”

When asked about the difficulty of manipulating objects with a virtual prosthesis, she re-

sponded: “It takes about the same amount of effort to move something as it does in the actual

physical world.” Although she did also mentioned that: “[It was] a little harder to pick those

[blocks] up than in the physical world because the hand goes right through it.”

In response to questions about the non-somatotopic feedback, P1 said (referring to substituting

index sensation with sensation on the side of her hand) “That was a bit different. When you touch

something with your index finger you expect to touch it on your index finger, not have the sensation
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on your pinky.” Then, in reference to substituting thumb sensation with sensation on the thenar

eminence, she said “That one. . . it was kind of like you were touching with the base of the thumb.”

P2 was particularly interested in the change he experienced in the perception of his phantom

limb. P2 typically describes his phantom limb as “Locked solid.” He reported that “for me to open

it, I’m really stressing. . . but while I was doing [the task] it felt pretty normal.” Specifically, P2

often describes his phantom limb as being “stuck in cement” and difficult to move, however during

the somatotopic condition of the VBBT, P2 felt his hand “always opened and closed” and was

responding more quickly and consistently than it typically does.

He said: “I really noticed it when we did it with the RPNI. It really stood out. I felt like I was

picking up a block. It wasn’t that the feedback was making me better, because I had a visual, but

the feedback was making it comfortable. It made me do better” and “I felt my finger on it, I felt my

hand, literally, doing this” as he made opening and closing gestures with his intact hand.

Finally, when asked about if the VR bi-directional prosthesis made them more interested in

having sensation incorporated into a physical device, P1 said: “Actually, it does. I mean, it’d be

nice to have that sensation with a physical device” and P2 said: “Oh yeah, absolutely. Otherwise,

you’re always watching” referring to the reliance on visual feedback he has while using his at-home

device.

5.3.4 Juggling task

While both participants attempted the juggling task, neither was able to successfully complete the

protocol. P1 had difficulties actuating the virtual hand quickly enough to strike the virtual ball to

keep it in the target region. P2 was able to strike the virtual ball, however the pace of flexing and

extending to keep the ball bouncing led to P2 quickly fatiguing. Notably, both participants enjoyed

initial attempts at the test, and reported liking the sensation of the ball bouncing on their phantom

hand in the somatotopic feedback condition.
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5.4 Discussion

This study demonstrated that the stimulation of regenerative peripheral nerve interfaces (RPNIs)

could provide referred sensation to individuals with amputation in a way that was both useful and

interesting during a virtual Box and Blocks Task. A multi-computer setup was used to collect

and classify efferent control signals, render a virtual environment, calculate physics interactions

in real-time, and appropriately stimulate RPNIs to provide participants with information about

contact events about the state of their prosthetic limb.

Both participants were able to complete 3 trials of each condition of the Virtual Box and Blocks

Task (VBBT) during a single session. P1 did not show more than a one block difference between

their best (somatotopic) and worst (non-somatotopic) performances, which might indicate that sen-

sation did not greatly impact their ability to perform the task. P2 had a larger 3 block difference

between their best (somatotopic) and worst (no feedback) performances. Importantly, though, P2

made twice as many transfer attempts compared to P1. It is difficult to directly attribute this differ-

ence in speed and performance to any one factor, however there are some potential explanations.

Notably, in the experiments, P1 had more difficulty controlling her virtual hand compared to P2.

While P1 had a higher classifier correlation coefficient (0.93) compared to P2 (0.78), P1 required

two sets of electrodes and nearly two hours before a successful classifier was built. P2 required a

single attempt and only two sets of electrodes. P2 also uses a myoelectric prosthesis at home, and

is practiced at using sEMG for control, whereas P1 uses a body-powered prosthesis at home and

has only controlled myoelectric prostheses in experimental settings. Future work could likely use

wrist kinematics, namely wrist speed and path length during block transfers, as an additional tool

for describing why P1 attempted so many fewer transfers compared to P1.

Regardless of differences in the number of blocks moved, both participants felt that sensation

improved their performance and experience as well. After experiments concluded, each participant

reported that the presence of sensation was helpful in letting them know when they had come into

contact with a block, and when they had lifted or released one. While this increase in information

seems to have impacted performance for P2, it is interesting that P1 showed no such performance
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benefit.

Pilot data with an individual without amputation was similar to the performance of P2 with

vibrotactile or somatotopic feedback. This indicates that vibrotactile and somatotopic feedback

may compensate for the loss of control that P2 has when operating the virtual hand with sEMG

signals, rather than the fine control available to the pilot participant. With the pilot data, we were

also able to analyze the peak and average movement speed for each successful block transfer.

Average speeds for each block transfer were 0.48 +/- 0.11 m/s, and the peak speed calculated across

block transfers was 3.18 m/s. Previous data collected from 32 individuals performing the physical

Box and Blocks Test (BBT) demonstrated vertical hand displacements of 1.5 m/s when completing

the task while standing [64]. While the average speeds we collected were well within this range,

the peaks greater than 1.5 m/s may be erroneous, as our sampling frequency of approximately 33

Hz was likely not fast enough to properly capture the participant’s movement. Future studies will

need to increase the sampling frequency to more accurately capture participant kinematics.

Due to the unique nature of our study, it is difficult to draw direct comparisons between our

work and previous work. In a previous study assessing the differences between the physical and

virtual presentations of a BBT [45], participants completing the virtual BBT scored anywhere from

1 to nearly 100, with most scores in the 20 to 80 range. These scores are much higher than those we

observed in our experiment, as our maximum score was 15. One possible reason for this disparity

could be due to differences in physics engines. While the experiment presented in this work used

MuJoCo to simulate physical interactions between the hand and blocks, and allowed for slip and

inertial forces, Everard et. al do not specify what decisions were made for their virtual environment

and only state that the virtual BBT was developed in Unity. Participants also used their intact limb

to squeeze the trigger of a controller, which differed from the control method used by participants

of this study, but was similar to the control method for the pilot test participant.

Other studies have used VREs to assess the function of a virtual prosthesis, however there is

little work on virtual, bi-directional prostheses. Several studies leverage surface electromyography

(sEMG) [12, 91] or indwelling electrodes [7] for the control of a virtual device, but not sensa-
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tion. Unfortunately, due to the state of our hardware and software, our participants were restricted

to sEMG for control, though future studies will incorporate control signals from electrodes im-

planted in RPNIs and residual muscles. Other studies use a VRE to provide some visualization

that corresponds with sensory feedback, however these are not immersive and do not require the

participants to complete tasks that involve any arm movement [88]. Notably, one study allowed

two individuals amputation implanted with Utah Slanted Electrode Arrays (USEAs) to complete

some activities of daily living in a non-immersive VRE, and reported that participants could per-

form several tasks like opening a door, lifting objects, and pouring from a glass [74]. This study

also used the MuJoCo physics engine, though no additional information on settings were given,

and it is difficult to directly compare the performance of different individuals across these systems

without a common task.

This study was limited by the number of participants, and their availability, as it is difficult to

eliminate potential confounding factors in our results with only two participants and with a limited

number of trials. This is especially true for differentiating a learning effect from an effect of

feedback condition on task performance. While we expect that P2 performed best with somatotopic

feedback because of the feedback itself based on his testimony, further experiments are necessary

to confirm that he was not simply improving at the task over time.

A more significant limitation, however, is likely the inability for our current system to take

advantage of RPNIs for both sensation and control. Currently, stimulation waveforms sent to one

channel for evoking referred sensation causes large ‘artifacts’ on other channels. While these arti-

facts are not large enough to evoke sensation on other sensory channels, if there are data channels

that the xPC is actively reading to classify efferent control signals for predicting prosthetic hand

movement, these artifacts show up as large spikes in these input signals and can disrupt prosthetic

control. As such, sEMG was used to provide an alternative control method that would not be

subjected to interference from the stimulation waveforms. However, sEMG control is much less

consistent than control based on signals from indwelling electrodes. If the efferent signal classifier

could filter out the stimulation artifacts, or otherwise account for when they occur, then we could
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utilize RPNIs for both stimulation and control, which may result in better overall performance.

Finally, our investigation into how sensation may improve bi-directional prosthetic control was

limited by the specific areas of sensation that our participants could experience. Currently, RPNI-

enabled sensation is limited to a single potential perceived area per RPNI, and our bi-directional

system limited the potential sensation areas further by restricting the experiment to only use RPNIs

that could consistently evoke referred sensation at 2.5 mA or lower. This resulted in two usable

RPNIs for P1, and a single usable RPNI for P2. With a system that either allowed for stimulation

at higher amplitudes, or participants with RPNIs that evoke sensation at different areas within the

amplitude limit, we may see different responses from our participants when they are provided with

referred sensation.

In future experiments we are interested in addressing these limitations, and also expanding

our kinematic analysis to participants with amputation. We think these changes would allow re-

searchers to quickly and easily gain an understanding of the benefits of sensation, enabled by

RPNIs or other technologies, on prosthetic function. However, this system also allows for other

experiments that take advantage of the VRE. The virtual prosthesis can be elongated or shortened

to study the effects of prosthetic length on function, or weights could be added to the residual limb

to study the effects of weight on prosthetic control and function independent of the functional com-

plexity of the prosthesis. This system also allows researchers to modify the degrees of freedom

of a prosthetic device so that the presence or absence of wrist rotation, different grasps, or other

features of device complexity can be tested and iterated on quickly.

5.5 Conclusion

In this study we demonstrated that RPNI-enabled sensation can improve the function and experi-

ence of individuals using a virtual, bi-directional prosthetic arm. Participants enjoyed the addition

of sensation during grasping tasks, and felt that the sensation granted them a better sense of when

they came into contact with, and released, objects. One participant even experienced a change in
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how their phantom hand moved, with their phantom hand opening and closing more responsively

once they started completing the VBBT with somatotopic sensation.

These results indicate that VR is a useful tool, not only in introducing participants to the func-

tion of a bi-directional prosthesis, but also for providing an environment where they can experience

sensations that are spatially matched to their phantom limb in a way that is difficult to replicate

with modern prosthetic hardware. We envision that a simplified version of this VRE could be used

in clinical practice to allow patients to practice controlling a virtual myoelectric hand prior to being

fitted with a physical prosthesis, especially if elements of ‘serious games’ are applied to tasks in

the VRE to increase patient engagement. Patients could even quickly iterate through prosthetic

designs to see what aesthetic and functional attributes are most important to them. And beyond

functional training, the testimony from our second participant demonstrates that the use of a bi-

directional prostheses, even in a virtual space, may be a therapeutic tool for alleviating phantom

pain.

Ultimately, we hope this pilot study provides additional insights into the value of sensation in

prosthetic function, and a tool for supporting future research. Work within a virtual environment

may allow for faster, cheaper, and more creative iteration than work with physical devices, but it

is no replacement for sending participants and patients home with a prosthesis that gives them the

feeling of having their hand again.
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CHAPTER 6

Discussion & Conclusion

6.1 Discussion

Sensation is a critical component of grasping and manipulating objects with a hand, which is why

the lack of sensation in most prosthetic devices contributes to an overall lack of prosthetic func-

tion. This lack of function has motivated researchers over the last several decades to pursue novel

approaches for delivering supplemental feedback to individuals using a prosthesis, however the

clinical and commercial realities for those with amputation have not changes much in that time.

This may be due, in part, to a lack of consistent methodologies for quantifying sensory feedback,

and a lack of effective strategies for delivering sensory feedback to an individual via their pros-

thesis. In this dissertation I have investigated the role of sensation in prosthetic function, how

sensation can be effectively delivered, and the tools needed to move the field forward. Sensa-

tion is a fundamentally difficult phenomenon to quantify because there are no inherent units for

sensation, because sensation varies between different individuals, and because any sensation is

ultimately subjective. One of the primary objectives of this dissertation was to aggregate and de-

velop better methods for quantifying sensation. In Chapter 2 I described a process for quantifying

differences in the availability of sensation between individuals using different limb types to inter-

act with a simulated object. This experiment built on previous work that had used grasping and

object identification tasks as proxies to measure sensation, essentially creating a task where the

more information an individual was receiving from their prosthesis, the better they would perform
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[116, 54, 139, 128, 13, 25]. Chapter 3 built on this concept, cataloging methodologies used to

quantify sensation across any study that used electrical stimulation to generate referred sensation

in individuals with amputation. This review found that tools such as object identification are use-

ful, and relatively common through the field [116, 54, 42, 133, 106], but did not capture the full

complexity of activities of daily living that required movement and coordination of the arm in

addition to sensory feedback received through a prosthetic hand.

These findings were applied in Chapters 4 and 5 as we characterized sensory feedback that 4

participants received via RPNIs implanted with electrodes, and then tested the ability of two of

those participants to utilize RPNI-enabled sensation in a virtual grasping and lifting task. A gold

standard for quantifying and demonstrating utility of sensation may be one study where participants

took home a sensorized neuroprosthesis, and showed that when participants were given direct nerve

stimulation they used their prosthesis more often than when sensation was absent [60]. As RPNI-

enabled sensation and control is developed, a take-home study that quantifies participant use time

in additional to functional performance would help justify its use in more individuals around the

world.

Part of why the quantification of sensory feedback is both important and difficult is because no

two individuals will process sensory feedback in the same way, especially if sensation is evoked

via peripheral nerve stimulation, and yet most prosthetic sensation studies are limited to three or

less participants [56]. This makes it difficult to compare across studies, as often two studies are

conducted on two different sets of participants using two different stimulation technologies and

measuring their results using two different sets of outcome measures. Chapter 3 of this dissertation

represents a concerted attempt to highlight this heterogeneity in the field of prosthetic sensation

research, as well as to highlight trends in the field that could be useful for future studies to carry

forward. In that chapter I identified that characteristics such as stimulation perception and discom-

fort threshold, the area and quality (the where and what) of sensation, and individual sensitivity to

changes in stimulation parameters were all important metrics that could be quantified and reported

regardless of the individual or stimulation method. I also found that studies were not consistent
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with their reporting of stimulation methodologies, and that a more consistent reporting of stim-

ulation waveform parameters, or which parameter sets were used for different experiments and

outcomes, would let future researchers more effectively compile data and make stronger claims.

The subjective nature of sensation is part of what makes it such an important component of

the human experience, and why it is important to study and develop in the context of prosthesis

users. Several papers reviewed in Chapter 3 reported that participants enjoyed when they were

given sensation, and studies of prosthetic sensation have reported that sensation improves aspects

of prosthetic agency [131, 60, 42] and ownership [115, 60, 42], which are both components of pros-

thetic embodiment [142]. The hope is that greater embodiment then leads to improved prosthetic

satisfaction and a decrease in prosthetic abandonment. The testimony we collected from partici-

pants in Chapter 5 also highlights that individuals can enjoy and get value from sensation, even if

their functional performance does not improve. Furthermore, our second participant’s comments

on their phantom limb during bi-directional experiments indicate that sensation can close the loop

on phantom limb movements to create a mental image that is more in-line with the actuation of a

prosthesis.

While the majority of this work has focused on the importance of sensation, the function of a

prosthesis also depends on the level of user control, and the interplay between control and sensation

were evident in the finds of both Chapters 2 and 5. The main finding of Chapter 2 was that sensory

feedback from a virtual object was more available to individuals using their anatomical limb than

it was for individuals using a body-powered or myoelectric prosthesis. However, if availability of

sensory feedback alone dictated performance, then there would be no difference in the performance

of different limb types when participants were presented with visual feedback, which is delivered to

participants independently of limb type. We can still observe that participants benefited from visual

feedback, but their ability to use this feedback in the task was moderated by their level of prosthetic

control. Similarly, there is reason to believe that in the results of Chapter 5 that one participant (P2)

had a greater degree of prosthetic control, and this participant scored higher in a functional task

when provided with sensory feedback. In contrast, the participant (P1) who struggled to control
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their virtual prosthetic hand showed little benefit when she was provided with sensory feedback

(although her subjective experience improved). A previous study demonstrated that individuals

relied more on sensory feedback the more uncertainty was present in their prosthetic control signals

[113], however that study was conducted with able-bodied individuals using a prosthetic emulator.

Future work that adjusted the level of prosthetic control an individual with amputation had while

maintaining the same sensory feedback conditions could meaningfully contribute to the field’s

understanding of how these aspects relate.

The most exciting aspect of studying prosthetic sensation, and the exploration of various ques-

tions through this dissertation, has been studying the various new frontiers that individuals across

the field are pushing. From those studying how to provide better sensory substitution and non-

invasive sensory solutions to augment existing prosthetic devices [6], to new methods of stimu-

lating the peripheral nervous system to produce a variety of referred sensations [56], to methods

of encoding contact events and pressure sensation biomimetically for more naturalistic and useful

sensation [52, 131], there are multiple fronts for improving the state of the art. I believe my work

meaningfully adds to this body of knowledge by demonstrating novel and interesting observations

that others can explore further in the future. To my knowledge, no work had previously described

the concept of ‘sensory steering’ as I did in Chapter 4, essentially stimulating two peripheral nerve

interfaces to evoke a novel sensation in the participant that could be ‘steered’ across the hand.

I also described the relevance of phase synchronicity when simultaneously stimulating two pe-

ripheral nerve interfaces, and how the level of synchronicity can affect an individual’s perceived

sensation. Finally, I have not previously seen a discussion of the affects that bi-directional sensa-

tion have on how an individual perceives their phantom limb, as described in Chapter 5. I hope that

future researchers can take these novel observations and recreate them to better understand how

we can create and manipulate sensation referred to the phantom limb.
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6.2 Conclusion

Through this dissertation I have addressed the question “How does sensation affect prosthetic func-

tion” through several experiments and scientific inquiries. I quantified differences in the availabil-

ity of sensory feedback between individuals using anatomical and prosthetic limb through a device-

agnostic study methodology that could be used to assess future devices. I identified important

trends and gaps in the field of electrical stimulation, and recommend that future neuroprosthetic

experiments include more standardized outcome measures. I stimulated RPNIs in four individuals

and characterized the sensation they perceived over the span of up to 3.5 years. And I demonstrated

that RPNI-enabled sensation can improve an individual’s function using a bi-directional prosthesis

inside a virtual reality environment. This work has addressed gaps in the literature, and acts as a

stepping stone for future research seeking to improve our understanding of the role that sensation

plays in prosthetic function.
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APPENDIX A

Chapter 4 and 5 Supplemental Materials

A.1 Chapter 4 Supplemental Materials

Table A.1: Stimulation parameters for perception and discomfort thresholding.

Perception and Discomfort Thresholding
PA (mA) PW (us) PF (Hz) IPI (us) Duration (s)

P1 0-10 200 20 50 1.5
P2 0-10 100, 200 20, 100 50 1.5
P3 0-10 100 20 50 1.5

Table A.2: Stimulation parameters for the two-alternative forced choice protocol.

Two-alternative Forced Choice Protocol
PA (mA) PW (us) PF (Hz) IPI (us) Duration (s)

P2 1.2-7.2 100 20 50 1.5
P3 1.0-7.2 100 20 50 1.5

A.2 Chapter 5 Supplemental Materials
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Table A.3: Stimulation parameters for exploratory stimulation experiments.

Exploratory Stimulation Experiments
PA (mA) PW (us) PF (Hz) IPI (us) Interphase

Delay (us)
Duration (s)

Manipulating
area

0-10 100 20 50 0 1.5

Simultaneous
stimulation (per
contact)

0-5 50-200 10-50 25-100 0-30 0.5-2.0
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Participant Condition Trial # Blocks Moved # Blocks Dropped # Grasp Attempts
Wingnut No Feedback 1 4 4 8

No Feedback 2 5 5 10
No Feedback 3 5 7 12
Vibration 1 3 3 6
Vibration 2 6 2 8
Vibration 3 4 3 7
Non-somatotopic 1 4 1 5
Non-somatotopic 2 3 3 6
Non-somatotopic 3 5 4 9
Somatotopic 1 4 5 9
Somatotopic 2 5 4 9
Somatotopic 3 6 3 9

Teddy No Feedback 1 9 9 18
No Feedback 2 7 8 15
No Feedback 3 12 1 13
Vibration 1 11 7 18
Vibration 2 10 7 17
Vibration 3 12 3 15
Somatotopic 1 8 5 13
Somatotopic 2 15 4 19
Somatotopic 3 15 1 16

Test No Feedback 1 13 4 17
No Feedback 2 9 8 17
No Feedback 3 12 5 17
No Feedback 4 14 3 17
No Feedback 5 15 7 22

Table A.4: Performance during the Virtual Box and Blocks Task.
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Wüstefeld, Dario Farina, and Strahinja Dosen. The clinical relevance of advanced artificial
feedback in the control of a multi-functional myoelectric prosthesis. Journal of neuroengi-
neering and rehabilitation, 15(1):1–15, 2018.

[83] Marko Markovic, Meike A Schweisfurth, Leonard F Engels, Tashina Bentz, Daniela
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