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NEUROPROSTHETICS

Neurorobotic fusion of prosthetic touch, kinesthesia,
and movement in bionic upper limbs promotes intrinsic

brain behaviors
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Bionic prostheses have restorative potential. However, the complex interplay between intuitive motor control,
proprioception, and touch that represents the hallmark of human upper limb function has not been revealed.
Here, we show that the neurorobotic fusion of touch, grip kinesthesia, and intuitive motor control promotes levels
of behavioral performance that are stratified toward able-bodied function and away from standard-of-care pros-
thetic users. This was achieved through targeted motor and sensory reinnervation, a closed-loop neural-machine
interface, coupled to a noninvasive robotic architecture. Adding touch to motor control improves the ability to
reach intended target grasp forces, find target durometers among distractors, and promote prosthetic ownership.
Touch, kinesthesia, and motor control restore balanced decision strategies when identifying target durometers
and intrinsic visuomotor behaviors that reduce the need to watch the prosthetic hand during object interactions,
which frees the eyes to look ahead to the next planned action. The combination of these three modalities also
enhances error correction performance. We applied our unified theoretical, functional, and clinical analyses,
enabling us to define the relative contributions of the sensory and motor modalities operating simultaneously in
this neural-machine interface. This multiperspective framework provides the necessary evidence to show that
bionic prostheses attain more human-like function with effective sensory-motor restoration.

INTRODUCTION

Prosthetic interventions are showing increasing levels of sophistication.
Controlling robotic devices has progressed beyond standard-of-care
methods of moving single joints by pulling on the cables of body-
powered gripper systems or reading binary myoelectric signals from
remaining native muscles. Now, bionic approaches with surgical,
implanted, and surface signal detection strategies access the inten-
tional motor control signals directly from the brain and nerves (1-3).
Avenues for providing prosthetic sensation have also been developed
and are beginning to mature, allowing the activity of once insensate
prosthetic limbs to be felt through appropriate feedback channels
(4-7). Recently, combining advanced control and feedback with bone
integration highlights the importance of building more integrated
and clinically viable systems (8).

Touch and proprioception are the two primary components of
somatosensation. Several approaches produce prosthetic touch,
allowing users to feel contact and pressure (9-20). Proprioception,
the sense of joint position and movement in space, has been more
difficult to implement in a closed-loop system (21). Hand and finger
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position percepts from neural stimulation have been described from
early work (22) to modern approaches for transradial amputation
(15, 19, 23-25). Hand postures can be determined through combi-
nations of electrically induced sensory percepts (26). Coupling tactile
and proprioceptive percepts together along with a native muscular
surface myoelectric controlled task demonstrated object size and
compliance discrimination with a detached prosthetic hand (25).
Electrically induced touch and proprioceptive feedback in a system
that used myoelectric control from the residual native forearm
muscles showed improvements in discriminating the presence or
absence of an object in the hand (14) and object size and compliance
(24). These improvements were achieved by mapping prosthetic
hand aperture to either a percept of digit flexion or to a proportional
touch percept. Discrimination of size and compliance have also been
shown in a native residual forearm muscle myoelectric control
interface coupled with electrically induced touch feedback and pure
substitution of electrically induced paresthesias linking current
amplitude to hand aperture (19). Although learning over time may
enhance the use of these signals for closed-loop function (25, 27),
performance benefits from sensory substitution methods do not
typically extend to meaningful unconstrained prosthetic use in the
presence of vision (4, 8).

A common constraint of advanced sensory-motor prosthetic
systems is their restriction to distal amputation levels because of the
necessity of using the intact proximal forearm muscles for native
myoelectric control (either surface or implanted) (5). Function in
these systems is likely improved with the residual musculature as
part of the control interface (23, 24, 28). However, the proprioceptive
information from the remaining muscles makes it difficult to parse
out the relative contributions of neurally induced sensory feedback.
A promising approach uses natural agonist/antagonist muscle pair-
ings through surgical tendon connections to provide biaxial control
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and proprioception for prosthetic ankles (29, 30). However, the
complex multiaxial agonist/antagonist forearm and intrinsic hand
muscle relationships controlling the fingers and wrist are likely less
amenable to this type of interface. In the absence of the intact distal
anatomy, kinesthetic perception of hand grip movements after
targeted muscle reinnervation allowed participants with proximal
amputation to attain able-bodied performance in a hand preposition-
ing task by coupling kinesthesia and motor control (31).

Although pioneering efforts have revealed individual facets of
sensory-motor synthesis, the complex interplay between neurally
derived motor control, proprioception, and touch that is the hallmark
of upper limb function has not yet been revealed in bionic prostheses.
Moreover, comparing the contributions of touch, proprioception,
and motor control to overall function in the context of able-bodied
performance has not been possible. Psychophysical tools are effective
for probing sensory and perceptual responses to different stimuli.
However, assessments often lack functional correlates, which con-
founds interpretation of potential benefits. Clinical motor-focused
prosthetic performance evaluations rely on qualitative practitioner
assessment, subjective reporting, or speed-based measures (32-35)
that typically lack sensitivity. Also, they do not challenge to the level
of able-bodied performance (ceiling effects), and they do not capture
the effects of sensory integration. The advantages of bionic prosthetic
systems are rendered invisible, which obscures the potential benefits
of new technologies and treatments over standard of care (9, 24, 36).

To address these limitations, we constructed a suite of functional
metrics to quantify the performance of sensory-motor bionic systems
within the continuum spanning basic standard-of-care prostheses
to the gold standard of able-bodied performance. The metrics focus
on essential sensory-motor features of limb function such as visual
attention, cognitive demand, fine motor dexterity, and ownership
while also being clinically and real-world relevant. Each metric was
validated in their foundational fields of psychophysics, mathematical
theory, cognition/perception, visuomotor behavior, and psycho-
metrics (23, 31, 37-54).

In this study, we reveal functional improvements from the simul-
taneous integration of touch, kinesthesia, and movement intent
within bidirectional bionic upper limb prosthetic systems. In two
participants with proximal arm amputation, the neurorobotic fusion
of touch, kinesthesia, and intuitive motor control promoted perform-
ance levels that were stratified toward able-bodied functional be-
haviors and away from standard-of-care prosthetic users. Our
theoretical and clinical evaluation strategy reveals a coherent picture
of a complex natural system by quantifying the influence of sensory
modalities on grasp modulation, visuomotor behavior, decision
strategy, internal model function, and ownership. This evaluation
framework revealed that integrating the bionic modalities of touch,
kinesthesia, and motor control together led to more human-like
system function.

RESULTS

Neural-machine interface participants

For two individuals with high-level upper limb amputation, we de-
veloped self-contained bionic prosthetic limbs controlled by signals
of intentional hand, wrist, and elbow movements while simultane-
ously providing proprioceptive and touch feedback (Fig. 1). We
used targeted reinnervation as the bidirectional sensory-motor
neural-machine interface.
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Targeted muscle reinnervation (TMR-motor) surgically reassigns
neural control of the muscles remaining above the amputation. The
purposely denervated biceps and triceps of participant TH (pTH) and
pectoralis and latissimus dorsi of participant SD (pSD) were reinnervated
with their amputated median, radial, and ulnar hand nerves to serve
as biological amplifiers for their neural motor command signals.
When the participants made intentional movements of their missing
limbs, the neurally reassigned muscle contractions were read at the
skin surface with electromyographic electrodes to command the
prosthetic hand and arm motors simultaneously (55).

Targeted sensory reinnervation (TSR-touch) provided the neural-
machine interface for touch. Remaining proximal skin was denervated
to provide reinnervation targets for sensory nerves (median and
ulnar) surgically redirected from the missing limb (56, 57). Touching
the neurally reassigned skin activates reinnervated sensory terminals
to generate tactile percepts that are projected to the missing hand
(58-61) and interpreted as being their own hand (62). Small neuro-
robotic touch tactors pressed into the appropriate touch percepts in
the skin to generate sensation whenever the fingers of the prosthetic
hand contacted objects (9), thus providing physiologically relevant
sensation for pTH’s thumb, index, and middle fingers and pSD’s thumb,
index, middle, ring, and little fingers and palm.

TMR also reassigns the proprioceptive sensory-neural structure
of the target muscles to provide kinesthetic perception of active
complex grip conformations that are projected to the missing hand
(TSRyy-kinesthesia) (31). Hand-close grip percepts in the deep muscle
were identified for pTH and pSD. A small neurorobotic kinesthetic
tactor mounted to the prosthetic socket applied 90-Hz vibration to
percept locations whenever the prosthetic hand physically closed.
The participants felt their own hand moving from an open to a closed
position at the speed of their prosthetic hand. TSRy,-kinesthesia
turned off when the prosthetic hand stopped moving, either through
TMR-motor control or when encountering noncompressible objects.

Neurally derived motor control, kinesthesia, and touch all oper-
ated simultaneously in a stand-alone prosthetic upper limb system.
All control and feedback modalities ran independently with their
own on-board computer processing systems. TMR-motor control and
TSR-touch were powered by the on-board prosthetic limb battery,
and TSRy-kinesthesia was powered by a wearable battery. The sys-
tem was iterated within the form factor and functional constraints
of a commercial motorized myoelectric prosthetic limb (fig. S1).

Foraging for specific stiffness blocks among distractors
Grasping and manipulating objects require a balance of motor con-
trol and sensation. The Prosthesis Efficiency and Profitability (PEP)
assessment uses optimal foraging theory mathematics to quantify
how efficiently individuals use feedback to inform sensory discrim-
ination decisions in relation to overall motor performance (49).
Participants searched for, located, and sorted small rubber stiffness-
specific blocks from distractor blocks (Fig. 2A) while wearing frost-
ed glasses and noise-cancelling headphones. To provide context
for comparison, cohorts of able-bodied participants and individuals
with amputation using body-powered and two-site sequentially
controlled native myoelectric prostheses were evaluated with the
PEP test.

Assessing the time-focused block-sorting decision performance
(Fig. 2, B and C) showed that with adding TSR-touch, both pTH and
pSD’s sorting accuracy improved above TMR-motor alone, but they
took more time to complete the task (figs. S2 and S3A). This trade-off
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Fig. 1. The simultaneous integration of touch, kinesthesia, and movement intent within a neurorobotic
human-integrated bidirectional bionic upper limb prosthetic system. The combination of targeted muscle
reinnervation (TMR) and targeted sensory reinnervation (TSR) creates a bidirectional connection between the participants’
nervous systems and their robotic prosthetic limbs. They think about moving their arm (TMR-motor intent), and the
electrical signals from the neurally reassigned limb muscles are read by electromyographic surface electrodes and
translated to the appropriate prosthetic movements. Prosthetic fingertip sensors recognize touch events and relay
them to touch robots that translate the sensory events into displacements that activate neurally reassigned touch
receptors in the target skin of the proximal limb (TSR-touch). A potentiometer reads prosthetic hand movement to activate
a kinesthetic robot that sends 90-Hz vibration to the deep sensory receptors of the muscles reinnervated by TMR

(TSRm-kinesthesia) for activation of complex kinesthetic hand closure percepts.

resulted in flat values for target stiffness discrimination efficiency
and overall system performance (Fig. 2, B and C). However, when
both TSR-touch and TSR,-kinesthesia were added, pTH and pSD’s
stiffness discrimination accuracy improved significantly above TMR-
motor alone (pTH, 68 to 81%, P =0.017; pSD, 42 to 83%, P < 0.0001;
table S1), approaching the low end of able-bodied accuracy (fig. S2A).
Their recognition speed and handling speed also increased, signifi-
cantly so for pSD (recognition time of 7.75 to 4.01 s, P < 0.0001;
handling time of 4.53 to 2.57 s, P < 0.0001; fig. S2 and table SI).
Using TSR-touch and TSRy,-kinesthesia with TMR-motor control
elevated the performance of pTH and pSD with proximal amputations
to the level of highly functional body-powered and native myoelectric
users with distal amputations (see text S1).

PEP reveals the search strategies used during discrimination
tasks. There are two types of discrimination task errors: (i) mis-
takenly choosing the wrong stiffness block, which negatively affects
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the participant’s score (false-positive
rate: alpha; fig. S3B), and (ii) putting
back a correct block (false-negative rate:
beta; fig. S3C), which does not reduce
the score directly but costs time. The
ternary plot in Fig. 3 shows the mathe-
matical relationships underlying dis-
crimination strategy mistake patterns
(fig. S4). The green dashed line depicts
a balance between three elements: (i)
completing the task quickly, (ii) taking
the time to discriminate, and (iii) focus-
ing on the most payoft for effort applied.
Moving along each contour line shows
changes in used strategy (pace maximiz-
ing or accuracy maximizing). Moving
across contour lines shows changes in
system performance (see text S1).

pTH and pSD’s system performance
improved with each sensory modality.
With TMR-motor control only, pSD could
not discern block stiffness and focused
instead on quickly picking the first block
that could be grasped reliably, similar to
a body-powered participant (Fig. 3). pSD’s
position at the lower left apex of the
ternary plot reveals her focus on speed
(left of the teal dashed line) instead of
accuracy with discrimination decisions
slightly above a chance (the black dashed
line). With the addition of TSR-touch,
pSD could accurately discern block stiff-
ness, thereby gaining system perform-
ance (moving across contour lines) and
shifting her to a balanced discrimination
strategy (green dashed line). TSR-touch
with TSR,-kinesthesia further elevated
pSD’s system performance and discrimi-
nation strategy balance (slightly favoring
speed), thereby stratifying with able-
bodied participants above pTH, the native
myoelectric prosthesis users, and the
body-powered users who resided at the
extremes of the selection strategies. With TMR-motor control only,
pTH already used a balanced discrimination strategy with system
performance aligned with body-powered and native myoelectric
users. TSR-touch improved pTH’s system performance while main-
taining a balanced discrimination strategy. With TSR-touch,
TSRp,-kinesthesia, and TMR-motor intent together, pTH improved
further, stratifying near pSD at the lower end of able-bodied system
performance and discrimination strategy balance.

TARGETED
REINNERVATION
NERVE TRANSFER

Visuomotor assessment during functional tasks

Visual allocation during coordinated object interaction is an integral
component of sensory-motor performance. Standard-of-care pros-
thesis users have abnormally increased visual fixation on their pros-
thetic hands when reaching for and transporting objects (45). The
Gaze and Movement Assessment (GaMA) protocol (44) quantified
visual fixations (42) and movements (43) of participants as they
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the forward visual field and transporting
it to shelves of varying height and loca-

251
e tion. In this task, pSD showed near nor-
20+ g malization of visual fixations to her hand
1519 when provided with both TSR-touch
g and TSRy,-kinesthesia (Fig. 4D). Releas-
101 A ing the gaze from the prosthetic hand is
5. critical for functionally attending to the
A 8 z’ next planned action. With TSR-touch
0 and TSRy,-kinesthesia, pSD showed sig-
'S?’b q,)g:b & °§ é‘*é" nificant improvements (approaching
&3 & § s &  able-bodied performance) in percent fix-
Fge v 7 S5 ations to the next target location com-
@ & pared with TMR-motor only (64.03% +
IN—I\;II 8.47 versus 51.81% + 11.57, P = 0.043;

Fig. 4E and tables S5 and S6).

Fig. 2. Neurorobotic kinesthesia, touch, and motor intent improve system efficiency. (A) Participant performing

the PEP task. (B) Discrimination performance measures a user’s individual sorting decisions. The y axis shows discrim-
ination performance in profitability (% of correct blocks per second; i.e., the ability to identify correct blocks weighted
against the time taken to identify each block). (C) Overall system efficiency is a measure of the overall efficiency of the
prosthetic system. The y axes show each participant’s efficiency score, measured in “% of correct blocks per second,”
i.e., the ability to identify correct blocks weighted against the time taken to complete the entire task trial. Red circle,

Bidirectionally integrated
prosthetic limb ownership
Bionic limbs that not only sense the en-
vironment but also transmit those sen-
sations to the user start to blur the

pSD; red diamond, pTH; TSRy, TSR of the muscle for kinesthesia; NMI, neural-machine interface.

picked up and transferred paper cups full of beads over a barrier
(Fig. 4A, text S2, and table S2) (41).

When reaching for the cups, pTH and pSD fixated to the prosthetic
hand significantly less when provided with TSRy,-kinesthesia and
TSR-touch compared with TMR-motor only (pTH, 1.70% + 4.45
versus 3.65% £ 5.95, P = 0.028; pSD, 13.59% + 14.55 versus 22.78% +
16.31, P = 0.027; Fig. 4B and tables S3 and S4). This result suggests
that pTH and pSD had increased confidence in grip aperture prepara-
tion for cup grasping.

When transporting the cup to a new target location, there were
significantly fewer fixations to the hand/cup when the participants
had TSR-touch and TSRy,-kinesthesia compared with both TSR-touch
only and to TMR-motor only (pTH, 12.92% + 8.43 versus 18.35% +
8.04, P < 0.0005 and versus 16.78% =+ 8.11, P = 0.10; pSD, 49.10% +
10.53 versus 57.48%, P = 0.001 and versus 58.26% * 9.11, P < 0.005;
Fig. 4C and tables S3 and S4). For pSD, fusion of TSR-touch and
TSR,,-kinesthesia with TMR-motor intent resulted in reduced visual
fixation to the hand during cup transport and a significant increase
in gaze to the next placement target location (35.73% * 7.33 versus
30.42% + 8.67, P = 0.028; tables S3 and S4). The primary risk during
transport was crushing the cup. TSRy -kinesthesia likely reduced
undesired hand closure, which allowed both participants to adopt
more able-bodied visual allocation behaviors. Because of technical
challenges, pTH operated with a locked elbow and a 1-degree of
freedom (open/close) hand (see the “Study limitations and next steps”
section and text S2). His performance was within the interquartile
range of able-bodied for all conditions because he was likely using
his intact proximal shoulder for proprioception. However, even
with a high level of baseline performance with TMR-motor, he im-
proved with neurorobotic sensory-motor fusion, approaching the
able-bodied median values for percent hand/cup fixation for both
reach and transport when both TSR-touch and TSRy,-kinesthesia
were provided (see dashed lines in Fig. 4, B and C).

Because of pTH’s technical challenges, only pSD could perform the
complex task of turning to the side to grasp a pasta box outside of
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divisions between human and machine
(63). Multisensory integration is the sub-
strate for incorporating a bionic prosthesis into the user’s self-image
and providing them with the sense that the limb is part of their body
(62, 64-67). Movement intent and movement sensation combine to
provide agency over a prosthesis, the sense that the movements of
the limb are their own (31). We used the Dynamic Prosthesis Incor-
poration (PIC) assessment to evaluate neurorobotic prosthesis
incorporation into the user’s self-image, a cognitive feature that
may influence prosthesis acceptance (68). We used the crossmodal
congruency effect (text S3) to quantify ownership by measuring
grasping task reaction time to visually congruent and incongruent
distracter lights on a neurorobotic hand (Fig. 5A).
pSD showed high ownership with TSR-touch alone (Fig. 5B),
within the lower range of intact physiology (52). However, her PIC
score was slightly reduced with the addition of TSRy,-kinesthesia. It
is difficult to draw firm conclusions from pSD because a technical
code issue caused inconsistent kinesthetic tactor activity during
hand closing, which may have negatively affected the already strong
ownership response to touch feedback. Scores for pTH were on par
with physical skin deformation in able-bodied participants (52).
TSRy-kinesthesia together with TSR-touch increased the sense of
ownership, providing evidence that TSR-touch and TSR,-kinesthesia
with TMR-motor intent helped pTH to feel his prosthetic hand as
his own hand over touch alone.

Intended grasp force speed/precision relationships

Prosthetic touch must be integrated effectively in the sensory-motor
control loop to improve function. We used the Grasping Relative
Index of Performance (GRIP) test to examine the ability of individuals
to use touch feedback to achieve intended grip forces. GRIP uses
Fitts’ law to evaluate the trade-offs between speed (completing tasks
quickly) and precision (reaching targets precisely) when applying
grasping forces (47). We showed participants images of everyday ob-
jects (fig. S5A) (23). They then quickly squeezed a manipulandum
(hidden from view) with the estimated force they thought would be
required to pick the objects up (Fig. 6A, text S4, and fig. S5).
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Fig. 3. Neurorobotic kinesthesia, touch, and motor intent stratify neural-machine interface participants with able-bodied performance. The PEP ternary plot
describes a participant’s strategic interplay between making false-positive errors [choosing the wrong block (bottom left vertex)], false-negative errors [discarding the
correct block (bottom right vertex)], and final accuracy (top vertex). Each vertex represents 100% of the respective variable, with the opposite side representing 0%. The
copper gradient shows final accuracy. The purple dotted contour bars show 1 and 2 SD from the average of the able-bodied false-positive and false-negative error product.
The vertical cyan dashed line represents a strategy where participants maximize pace, i.e., maximizing accuracy while minimizing block encounters. Data points to the left
of this line are too permissive and would benefit by increasing selectivity. The blue dotted line represents a strategy that maximizes accuracy. Data points to the right of
this line are overly selective and would benefit by increasing permissiveness. Points between the cyan and blue lines represent strategic trade-offs between the two edge
strategies. The green dashed line represents a balanced strategy where speed and accuracy trade-offs are optimized. The horizontal red line is chance accuracy. Performance
above the black dashed line represents statistically significant performance better than expected chance. Changes in a participant’s strategy results in moving along the
gray contour lines, whereas changes in system performance results in moving across the contour lines.
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Fig. 4. Less visual fixation to the prosthetic hand is required with neurorobotic kinesthesia, touch, and motor intent. (A) Participant performing the cup transfer
task for the GaMA. The dashed line and shading in (B) to (E) represent the normative median fixation and interquartile ranges for each measure. (B) Percent visual fixation
to the prosthetic hand during averaged reach phases and (C) averaged transport phases for participants pSD and pTH. (D) Percent fixation to hand during averaged
transport phases when pSD performed the pasta box transfer task and (E) percent fixation to the next target location during transport. All error bars represent +1 SD.

Providing pSD and pTH with TSR-touch increased the number of  to reliably produce a force on the manipulandum; the transition
objects successfully handled over TMR-motor only (orange to  from below to above the red dashed line denotes where applied forces
green color change in Fig. 6B). TSR-touch also improved their ability ~ were statistically indistinguishable from no force applied (Fig. 6B).
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Fig. 5. Participants show high ownership scores with neurorobotic feedback.
(A) A participant performing the Dynamic PIC assessment. (B) Dynamic PIC scores
for participants pTH and pSD. Mean Dynamic PIC scores and SD at the 95% confidence
interval (means £ 1.96 x SD) for intact physiology (96) and for skin deformation,
electrical stimulation, and vibration stimulation with participants using a simulated
prosthesis (52) are shown for reference.

TSR-touch improved the speed relative to how precisely pTH and pSD
could achieve target forces (throughput in bits per second). Both
participants showed a decreased variability (increased precision)
around intended target forces [maximum index of difficulty (IDe)
in bits]. Both improvements were indicated by the right and upward
position of TSR-touch (filled circle) related to TMR-motor control
only (filled square). For real-world context, we tested individuals with
distal amputations using body-powered and native myoelectric
prostheses and also present previously published benchmark values
for able-bodied GRIP test performance (47).

Although GRIP was expressly designed to test touch, we exam-
ined TSR-touch and TSRy,-kinesthesia to explore interactions be-
tween these modalities. Because the GRIP manipulandum was
uncompressible, when the prosthetic fingers made contact, they
stopped moving, which turned TSRy,-kinesthesia off. We anticipated
that without finger movement, TSRy,-kinesthesia would not likely
improve performance. We found that TSR-touch coupled with
TSRy, -kinesthesia decreased peak precision and reduced the number
of objects successfully handled for both pTH and pSD. However, we
found that TSR-touch and TSR,-kinesthesia appeared to increase
throughput for both participants in relationship to their baseline
TMR-motor-only condition (Fig. 6B and fig. S5, D to H).

Adaptation rate in sensory-motor control

Performance limitations for bionic prostheses can be related to

many domains. Feedback modality, somatotopic register (location),
sensory naturalness, motor control
system approach, training, and system

Fig. 6. Providing neurorobotic touch improves speed, precision, and number of objects successfully handled.
(A) A participant performing the GRIP test. (B) This figure summarizes three test subscores, (i) percentage of objects
successfully handled (gold to blue color gradient), (ii) peak precision of force generated (y axis), and (jii) the throughput,
which describes the trade-off between speed and precision (x axis), where a higher value indicates that the user
achieves any given precision faster, independent of the range of precision values that participants operated within.
The results for each population [pSD and pTH (square to circle to triangle) and the body-powered (BP) and native myoelectic
(Myo) prosthetic users (BP square and Myo square)] are compared with able-bodied performance (AB) (AB diamond).
The movement on the plot resulting from the addition of TSR-touch to TMR-motor is shown as a gray arrow. The
movement on the plot resulting from the addition of TSRy -kinesthesia to TSR-touch and TMR-motor is shown as a

black arrow. SD, SD able-bodied; IDe, effective index of difficulty.

Marasco et al., Sci. Robot. 6, eabf3368 (2021) 1 September 2021

Speed (throughput, bit/s)

B noise may influence integration effec-

25 . . tiveness. We used inductive Bayesian

TSR Touch + TSRm Kinesthesia A approaches, leveraging psychophysical

+2S models, as a tool to disentangle these

R RN . TSR Touch @ relevant features. We measured trial-

= 2.0 R4 +1SD Y, 1 by-trial adaptation to participants’ in-

Q ' JEAEREN \ trinsic error corrections while catching

5 . ’ AB Y ' TMR Motor B a falling bar with their prosthetic hand

% 1.5 l‘ =‘ ’n=17,' ’l such that it stopped in alignment with a

S \ N . ' target (text S5 and fig. S6). Adaptation

5 * B8P - ,! rate depends on the quality of cont.rol

2 104 N = e noise and sensory feedback. Adaptation

g S=--- rate increases with relevant sensory
o [ pTH . . .

x Myo  pSD information, whereas low adaptation

K LI }: rate indicates mistrust in sensory

0.5 Lo, feedback (69).

Iheludes We tested pTH with visual feedback

2 B 2® S @ S g® S and TSR-touch and then with visual feed-

0.0 . . . . . . . : back and TSR-touch + TSR,,-kinesthesia.

00 05 10 15 20 25 30 35 4.0 Wefound that TSR-touch together with

TSRy,-kinesthesia increased adaptation
rate for pTH from (1.51 + 0.06) to
(2.22 £ 0.20) (Fig. 7). Performance also
improved in average error (-2.9 to >0.3 cm)
and variance (16.4 to >11.02 cm?), sig-
nificantly so (P =0.004). pTH appeared
to rely on TSRy,-kinesthesia to improve
performance, even in the presence of
vision. Technical and scheduling lim-
itations prevented pSD from completing
adaptation rate testing.
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Fig. 7. Adaptation rate increases with neurorobotic kinesthesia and touch.
Violin plots showing computed adaptation rate for pTH using the following: (i) equal
number of trials, (i) discarded first trial, (iii) discarded last trial, (iv) discarded first
and last trials, (v) discarded last two trials, and (vi) discarded first two trial method.
Trials were discarded to provide a measure of sensitivity (see text S5). The red shaded
area represents the distribution of the calculated values of adaptation rate for pTH
when receiving TSR-touch feedback. The red shaded area with the black outline
represents the distribution of the calculated values of adaptation rate for pTH when
receiving TSRm-kinesthesia and TSR-touch feedback. The gray connecting lines show
how each of these methods of calculating adaptation rate correspond for each
feedback condition.

DISCUSSION

We are entering a phase of prosthetic development whereby accessing
the neural system to return natural function is providing a pathway
to improving performance. Standard-of-care prosthetic limbs require
non-natural adaptive behaviors to compensate for the loss of a
highly dexterous system (45, 46, 70). The goal for bionic prostheses
is to access intrinsic neural communication channels to release the
user from managing all the tasks and minutia required to pilot their
devices (71). Returning sensory-motor channels would be anticipated
to restore more natural behaviors to the human-machine system.
However, quantifying the complexities of bionic sensory-motor
integration is a nuanced proposition.

Neurally induced prosthetic sensation is a recent development
(4). Many methods for quantifying interventional merit are either
context-dependent or lag behind the technologies that they are
attempting to assess. Our validated outcome measures represent an
important step forward in assessing bionic sensory-motor interven-
tions. By providing the resolution needed for evaluating human-
machine interactions, our metrics reveal that bidirectional
neurorobotic integration leads to more human-like function.

Organisms instinctively make strategic decisions about how to
spend their resources in relationship to the payoff from their actions.
Humans are subject to these same instincts (72-75), and PEP pro-
vides insight into resource allocation decisions made during sensory
discrimination tasks (49, 50). With TMR-motor only, pSD made
discrimination decisions slightly above chance. With the ability to
discriminate block stiffness through TSR-touch, pSD shifted strategy
and improved system performance, striking a balance between
making some mistakes for the sake of speed and slowing down to
make more accurate discrimination decisions. With the addition
of TSR-touch and TSRy,-kinesthesia to TMR-motor intent, pSD’s
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decision strategy remained balanced, while her system performance
improved to stratify with able-bodied participants. With TMR-
motor control only, pTH’s balanced decision strategy aligned with
high-functioning native myoelectric users, likely relying on grip
control and motor sound feedback to discern block stiffness (76).
Although pTH started with high system performance and a balanced
decision strategy, he showed improvement patterns similar to pSD.
With each neurorobotic modality, pTH tracked along the balanced
strategy curve to end at the apex of the standard-of-care prosthetic
users and approaching able-bodied-type decision-making. If we
were to look solely at pSD and pTH’s time-focused performance, as is
typical for standard-of-care metrics, these improvements and be-
haviors would be hidden.

We observed shifts to more able-bodied patterns in visual be-
haviors. Without sensation, prosthesis users gaze at their hand so
that they do not miss, drop, or crush the objects they are grasping
(45, 77, 78). Able-bodied behavior is to briefly look at an object to
locate it for grasping and then focus attention on the location where
they want to move it (42). With TSR-touch and TSRy,-kinesthesia,
more normal visual behavior was restored for both pSD and pTH over
TMR-motor alone. They spent significantly less time looking at
their prosthetic hands during object transport. pSD’s shift to freeing
her gaze to look ahead to the next target of action was also evident
during a more complex task involving reaching for a box outside
her typical sphere of movement. The normalization of visuomotor
behavior is a key requirement to allow accurate preplanning of
movement strategies (79) and likely resulted from trusting TSRp-
kinesthesia and TSR-touch over visual compensation.

When integrating sensory information, the brain appears to as-
sign levels of trust to the different inputs used to inform guidance
and error correction of intended movements (80). Within this
Bayesian perspective, higher informational content streams are
trusted more and play a greater role in modifying the brain’s repre-
sentation and perception of this information (the internal model).
Measurement of the participant’s adaptation to intrinsic error can
serve as a proxy to quantify internal model modification. With
TSR-touch and TSRy,-kinesthesia, pTH showed an increased adapta-
tion rate that reflected more trust in sensory inputs and a shift
toward more natural intrinsic brain behaviors. These results align
with literature, suggesting that kinesthetic feedback is a dominant
modality in forming internal models (81, 82).

The brain’s sensory-motor comparative mechanisms drive the
processes of movement error correction and experiential learning,
and those same mechanisms compare sensation, vision, and intent
to construct a cognitive sense of wholeness (83). The naturalness of
sensation, the sensory modalities themselves, and the cohesiveness
of sensory-motor fusion have critical roles in establishing limb
ownership. Prostheses lacking neurally integrated feedback are ex-
cluded from the mechanisms of ownership (62, 84). The Dynamic
PIC test reveals a shift toward normal multisensory integration with
neurorobotic systems. With TSR-touch alone, both pTH and pSD
showed levels of limb ownership that were aligned with able-bodied
responses to skin deformation. Restored touch appeared to be inter-
preted by the brain as similar to how sensation from native skin
is interpreted. Corroborating questionnaire results in earlier work
showed that TSR-touch provided a limb ownership sense as vivid as
an able-bodied experience (62). These results reflect reactivation of
appropriate tactile sensory channels in targeted reinnervation where
psychophysical experiments showed restored skin mechanoreceptor
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functionality (58, 59). TSR-touch with TSRy,-kinesthesia further
potentiated limb ownership for pTH, suggesting that visually observing
active intentional movement potentiates ownership (85). Although
pSD scored near intact physiology for prosthesis ownership with
TSR-touch, adding TSRy,-kinesthesia reduced her Dynamic PIC
score. Technical inconsistencies in pSD’s kinesthetic feedback system
appeared to influence the millisecond-level timing sensitivity of the
brain’s multisensory integration system, highlighting the resolution
of Dynamic PIC as an assessment metric for evaluating the natural-
ness of bionic prostheses.

Kinesthetic and tactile information improved bionic prosthetic
performance by multiple measures. However, if different sensation
modalities are contextually or functionally misaligned, performance
can be impaired. In the GRIP test, providing TSR-touch with
TMR-motor control allowed pTH and pSD to improve their ability to
successfully handle objects, which equates to generating an inter-
mediate grasp force that is statistically distinct from their maximum
force output (see fig. S5). Furthermore, those successfully handled
objects were grasped with greater precision and speed. Introducing
TSRpy-kinesthesia resulted in a loss of most of their small gains in
precision compared with TSR-touch and returned the number of
objects successfully handled to baseline. Although it is difficult to
draw firm conclusions from the throughput because of the reduced
number of objects successfully handled, with TSRy,-kinesthesia, both
pSD and pTH appeared to improve the speed with which they inter-
acted with the manipulandum (fig. S5, D to H). Because TSRy,-
kinesthesia was likely affected by the incompressible manipulandum,
it did not appear to provide the feedback necessary for effective
sensory-motor integration. When applying precise grip force, a
nonphysiological transition to losing TSRy,-kinesthesia when the
hand movement stopped after contacting the manipulandum seemed
disruptive for both pTH and pSD. These results were also reflected in
the Dynamic PIC test for pSD and highlight the importance of feed-
back modality alignment. Revised approaches could decouple
kinesthetic feedback from physical prosthetic movement, instead
driving kinesthesia from intentional control signals or a hybrid of
the two approaches. Redesigning the GRIP test with a compressible
manipulandum or implementing compliant prosthetic fingers may
also create a more widely applicable testing system.

Our functional metrics focused on distinct areas of integrated
sensory-motor performance to highlight the roles that sensory feed-
back plays in adoption of natural behaviors. The metrics revealed a
comprehensive and cohesive picture of more human-like function
in bionic bidirectional prosthetic systems. Emerging technologies
face critical roadblocks to clinical translation because of difficulties
in demonstrating improvements over standard-of-care interventions.
Although standard-of-care prostheses are functionally effective and
relatively inexpensive, they have serious limitations. Body-powered
and native myoelectric prostheses demand behavioral adaptations
that alter attention and concentration and require abnormal body
movements to operate (45, 46, 77, 78, 86). Prosthetic limb use is
severely limited compared with normal limbs (87), leading to over-
use and compensatory injuries (88, 89) and risk of device abandon-
ment (90). The goal of implementing sensate robotic prostheses is
to overcome these barriers by introducing systems that allow more
natural behaviors. Our metrics should be directly transferable to
other bionic sensory-motor prosthetic systems and other upper limb
sensory-motor deficits to provide a picture of where any approach
resides on the continuum of severely impaired to the gold standard
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of able-bodied function. Studies of bidirectional bionic prosthetic
systems could benefit from these standard benchmarks for compar-
ison across approaches.

Study limitations and next steps

A study limitation was sample size. Only two participants with
sensory-motor targeted reinnervation could commit to the long
study period and intensive experimental time required. Limits on
increasing the sample size arose from the necessity of international
travel for the participants and research teams. Future studies may
access more participants because targeted reinnervation is becoming
limb amputation standard of care for prosthetic control, neuroma,
and pain management (91, 92).

pTH required control simplification (restricting elbow function)
during a subset of tests. This is not an uncommon compensation of those
with high-level amputation, and it simplified measuring the effects of
sensory feedback modes. A coding bug was revealed in pSD’s TSRy,-
kinesthesia system during experiments. This problem was corrected,
but the inflexible experimental schedule prevented retesting.

The challenges of overcoming technical limitations were offset
by advantages from implementing the bionic systems with off-the-
shelf prosthetic components. We did this for two principal reasons.
The first was to provide evidence that performance improvements
could be attributed to the quality of the neurorobotic sensory-motor
information alone and not to the functionality of advanced mecha-
tronics. The second was to evaluate the outcomes of bidirectionally
integrated sensory-motor control within the real-world context of
current prosthetic options.

Multiple touch and kinesthetic percepts were available for each
participant. However, we chose to provide neurorobotic feedback for
the most clinically and functionally relevant percepts (digit touch
and grasp kinesthesia). Additional sensory locations and modalities
could be considered given the number of available functions of
emerging advanced mechatronic prosthetic systems.

Relating laboratory-based or clinical tests to daily life prosthesis
use is challenging. Promising approaches use activity tracking and
other in-home monitoring to quantify the amount, type, and com-
plexity of prosthesis use (87, 93). However, the factors that determine
or influence use patterns remain an open question. To explore
questions of capacity and performance in relation to gold standard
normative behavior, we designed our metrics to involve more com-
plex multimovement tasks (GaMA and PEP) and to challenge
sensory-motor processing (GRIP, Dynamic PIC, and adaptation).
Our tests quantify features of sensory-motor behavior and may provide
insight into factors that influence daily life prosthesis use patterns.

MATERIALS AND METHODS

Study design

Participants previously underwent targeted reinnervation for prox-
imal limb amputation. They were familiar with TMR myoelectric
prosthesis use and had documented sensory percepts related to their
missing limb (31). We fit each participant with an experimental
prosthesis using modified commercial components that were inte-
grated with myoelectric TMR-motor control and with feedback for
TSR-touch and TSR, -kinesthesia. There were three data collection
conditions for each participant: TMR-motor control only and no
sensory feedback, TSR-touch coupled with TMR-motor control, and
TSRy,-kinesthesia and TSR-touch feedback coupled with TMR-motor
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control. For each feedback/control condition, we administered PEP,
GaMA, PIC, GRIP, and adaptation rate. Condition order random-
ization was not possible because of technical requirements and data
collection scheduling limitations. Experiments were performed over
2 to 5 days of testing at the University of Alberta (GaMA, PIC, and
adaptation rate) and Cleveland Clinic (GRIP/PEP) in 2018 to 2019.

Participants with amputation

pSD was a 38-year-old female with a left shoulder disarticulation
who underwent targeted motor and sensory reinnervation of the
chest muscles and skin (56). pTH was a 40-year-old male with a left
transhumeral amputation who underwent targeted motor and sen-
sory reinnervation of the upper arm muscles and skin. Participants
provided written informed consent on study protocols approved
by the Institutional Review Board of Cleveland Clinic (protocol
#13-1349), the University of Alberta Health Research Ethics Board
(Pro00054011 and Pro00066774), the University of New Brunswick
Research Ethics Board (protocol #2015-033), the Department of the
Navy Human Research Protection Program (DON-HRPP), and the
Space and Naval Warfare Systems Center Pacific Human Research
Protection Office (SSCPAC HRPO).

Neuromotor control

The system for intentional motor control used surface electromyo-
graphy to access the original arm control signals from the brain
through contraction of neurally reassigned muscle sites. pSD operated
four independent muscle sites for hand open/close and elbow flexion/
extension of her reinnervated chest muscles from median, ulnar,
musculocutaneous, and distal radial nerve transfers (55). She pressed
force-sensitive resistor switches with her remnant humerus to con-
trol wrist rotation. pTH used reinnervated medial biceps (median
nerve) and reinnervated lateral triceps (radial nerve) for hand open/
close and native lateral biceps and triceps signals to operate elbow
flexion/extension.

Neurorobotic touch

The neurorobotic touch feedback system sensed contact transients
and pressure on the prosthesis in six different locations on the
fingers and palm (9). The thumb, index, and middle fingers of a
SensorHand Speed (Ottobock, Duderstadt, Germany) were milled
and retrofitted with strain gauges to detect finger flexing from touch
pressure. Force-sensitive resistors in the hand shell provided touch
for the ring and little fingers and palm. Touch signals were internally
routed to a processing unit (HDT Global, Fredericksburg, VA, USA)
mounted on the internal frame of the SensorHand. Communication,
control, diagnostics, system tuning, and reprogramming feedback
modes ran via a Controller Area Network (CAN bus) through a
custom six-channel rotating wrist. Small ruggedized robotic four-bar
haptic touch tactors (HDT Global, Fredericksburg, VA, USA) were
mounted to the prosthetic socket and relayed proportional pressure
and contact transients (tap detection) from the hand to the appro-
priate touch percept sites in the reinnervated skin. The touch tactors
could generate up to 10 N of force and operated on a 10-ms latency
closed-loop position control that rapidly adjusted motor effort for
correct pressure and position against the skin. Verbal feedback was
used to adjust the touch feedback until the participant felt that it
was appropriate. pSD preferred combined proportional pressure
and tap detection modes together, whereas pTH preferred propor-
tional mode.

Marasco et al., Sci. Robot. 6, eabf3368 (2021) 1 September 2021

Neurorobotic kinesthesia

The neurorobotic kinesthetic feedback system detected the physical
movement of hand closing through a Bowden cable spanning the
prosthetic thumb and distal wrist that connected to a cable-extension
transducer mounted at the shoulder. When the prosthetic hand
closed, the potentiometer signal was used to activate a small robotic
kinesthetic tactor (HDT Global, Fredericksburg, VA, USA) that
vibrated the reinnervated deep muscle at 90 Hz (1-mm stroke)
through a hole in the prosthetic socket. The vibration elicited the
sensation of hand closing at deep muscle locations that were deter-
mined for each participant (3I). The kinesthetic tactor autoretracted
during donning and doffing and during periods of inactivity be-
tween experimental blocks. A 10-ms system response time allowed
the kinesthetic tactor to modulate motor effort while maintaining the
1-mm stroke against the resistance of the deep muscle to minimize
delay between hand movement and kinesthetic sensation.

Prosthesis Efficiency and Profitability (PEP)

The PEP task required participants to find and remove five blocks
of a target stiffness (either soft or hard) among distractors (i.e., a soft
target among medium and hard distractors or a hard target among
soft and medium distractors) as quickly and accurately as possible
(49). We recorded the number of blocks squeezed (encounters), the
number of correct blocks selected, and the trial duration. Partici-
pants completed 150 rubber block selections (50 soft, 50 hard, and
50 baseline) per test condition (see text S1 for detailed methods).
Each trial was divided into three analysis subsections: search time,
the time required to locate the block that was ultimately selected;
involvement time, the time spent discriminating stiffness and trans-
porting the block that was selected; and handling time, the time
spent grasping and transporting blocks during nondiscriminating
baseline trials. Values extracted from this information were recog-
nition time, accuracy, false-positive rate and false-negative rate, and
efficiency. Determination of significance was done with z tests of
proportion for accuracy, Wilcoxon rank sum tests for search times,
and t tests for recognition and handling times. A significance level
0f 0.05 was used for all tests.

Gaze and Movement Assessment (GaMA)

Participants performed the cup transfer task detailed in the work of
Valevicius et al. (41). An eight-camera OptiTrack Flex 13 motion
capture system (Natural Point, OR, USA) captured the three-
dimensional trajectories of motion capture markers affixed to the
participants and task and environment (40, 41). A Pupil Labs
head-mounted binocular eye tracker (Pupil Labs GmbH, Berlin,
Germany) captured pupil position (44). Before the task, the partici-
pants were provided verbal instructions, a demonstration, and as
many practice trials as needed to feel comfortable (table S2). The
motion capture and eye tracking data were cleaned, filtered, syn-
chronized, and segmented into reach, grasp, transport, and release
phases. A gaze vector representing the virtual location of each par-
ticipant’s gaze in the coordinate frame of the motion tracked objects
was created with a regression function using custom MATLAB
scripts (41, 42). Main outcomes in the reach and transport phases
were percent fixations to the prosthetic hand and to the current area
of action (see text S2 for detailed methods and analysis). Differences
between the three conditions (TMR-motor, TSR-touch, and TSR ;-
kinesthesia + TSR-touch) were analyzed using a one-way analysis of
variance and post hoc tests. Assumptions of normality and homogeneity
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of variances in each group were tested using Shapiro-Wilk’s test and
Levene’s test for equality of variance.

Dynamic Prosthesis Incorporation (PIC)

Crossmodel congruency was used to evaluate prosthesis ownership
by assessing the ability to ignore one form of feedback in favor of
another (51). Participants had green light-emitting diodes (LEDs)
affixed to the prosthetic thumb and index finger at locations corre-
sponding to thumb and index touch percepts. A distractor LED was
affixed to a load cell, halfway between the thumb and index of the
prosthesis. The participants dynamically grasped an instrumented
object with the thumb and fingers of their prosthesis. Their forearm
was secured with Velcro to a mount to assure simultaneous activa-
tion of touch percepts when contacting the instrumented object.
Under all conditions, touch feedback and LED light feedback were
provided at one of the two stimulation sites when the participant
made contact with the object, with kinesthetic feedback of hand
closing provided during a subset of trials. After grasping the instru-
mented object, the participants indicated which touch tactor had
been activated by pressing a corresponding foot pedal (heel pedal,
thumb and toe pedal, index finger). The average congruent and in-
congruent time for each block was calculated after participants
completed 30 practice trials and four testing blocks of 64 trials (see
text S2 for detailed methods and analysis). The difference between
congruent and incongruent time was taken, and then the average
difference across blocks was calculated. This value was converted into
a PIC score that reveals the effects of spatial discrepancies between
visual representation and stimulation representation (52).

Grasping Relative Index of Performance (GRIP)

Participants sat at a table facing a monitor, with their prosthetic hand
at a grasp force-measuring manipulandum and their able-bodied
hand at a keyboard. Participants were shown images of eight different
everyday objects on the monitor (fig. S5A) (47). They were instructed
to grasp the manipulandum with a force that they thought was suf-
ficient to lift the displayed object without crushing or damaging it
and to be both fast and accurate while attempting one single grasp
before moving to the next trial. Object order was pseudo-randomized
and presented in blocks of 32 trials, with a total of 160 trials in each
feedback condition (see text S4 for details). We calculated an IDe for
each object (47), which describes the ratio of the average peak force
to trial-to-trial force variability (higher forces produced with less
variability describe the handling of a more difficult object). We cal-
culated three measures: objects successfully handled, peak precision,
and speed (9, 47). Objects successfully handled was a measure of
how reliably a participant could produce intermediate forces. Peak
precision was the highest IDe of successful objects in either the
standard or “precision” blocks. Speed (or throughput, in bits per second)
was the average inverse slope of time and IDe for successfully
handled objects in the standard, timed (nonprecision) task.

Adaptation rate

We used trial-by-trial adaptation rate to evaluate how individuals
adapt on the next trial, given what happened on the current trial
(94, 95). Adaptation rate is defined as the ratio between trial-to-trial
change and trial error

Adaptation rate =
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where x is the position, superscript index * denotes a given trial
number, and xr denotes the target position. We expanded on this
definition by considering additional position states. In this experi-
ment, we used TSR-touch feedback and the same TMR-motor con-
trol under both conditions with one of these conditions serving as a
baseline. Under a second condition, we asked whether augmenting
the system with TSRy,-kinesthesia added value compared with vision
alone. In the test, the participant sat in a chair with his prosthetic
arm on the table and was asked to use his prosthetic hand to catch a
falling vertical bar at a target located halfway along its length. The
vertical bar’s fall was coupled to a pulley system operated by an ex-
perimenter (fig. S6), and its position was recorded using an array of
Hall effect sensors. Participants completed a practice block of 35 trials
and then a testing block of 35 trials with their error recorded for each
trial (see text S5 for detailed methods and analysis).

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/58/eabf3368/DC1
Texts S1to S5

Figs.S1to S6

Tables S1to S6
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