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Abstract—With the increasing availability of more
advanced prostheses individuals with a transradial ampu-
tation can now be fit with single to multi-degree of freedom
hands. Reliable and accurate control of these multi-grip
hands still remains challenging. This is the first multi-user
study to investigate at-home control and use of a multi-grip
hand prosthesis under pattern recognition and direct con-
trol. Individuals with a transradial amputation were fitted
with and trained to use an OSSUR i-Limb Ultra Revolution
with Coapt COMPLETE CONTROL system. They partici-
pated in two 8-week home trials using the hand under
myoelectric direct and pattern recognition control in a ran-
domized order. While at home, participants demonstrated
broader usage of grips in pattern recognition compared to
direct control. After the home trial, they showed significant
improvements in the Assessment of Capacity for Myoelec-
tric Control (ACMC) outcome measure while using pattern
recognition control compared to direct control; other out-
come measures showed no differences between control
styles. Additionally, this study provided a unique oppor-
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tunity to evaluate EMG signals during home use. Offline
analysis of calibration data showed that users were 81.5%
[7.1] accurate across a range of three to five grips. Although
EMG signal noise was identified during some calibrations,
overall EMG quality was sufficient to provide users with
control performance at or better than direct control.

Index Terms— Below-elbow amputation, home use, myo-
electric control, prosthesis function, machine learning.

|. INTRODUCTION

RANSRADIAL amputation, the most common major

upper limb amputation [1], greatly affects an individ-
ual’s functional ability mainly due to the loss of the hand.
Single degree of freedom body-powered or myoelectric hand
prostheses can provide users with the basic capability of
opening and closing to manipulate objects. A prosthesis with
more than one grip may be desirable because the function
of a single degree of freedom hand falls drastically short of
the complex movements the human hand typically performs
with relative ease [2], [3]. The clinical availability of pros-
thetic hands with more degrees of freedom have substantially
increased [4], [5], [6].

Since the forearm contains multiple extrinsic hand muscles
there is a growing number of studies investigating myoelectric
hand control with multiple grips [7]. With myoelectric control,
information from remaining muscles in the residual limb can
be used to control prosthesis movements. The most common
type of control has historically been two-site threshold-based
direct control. A user can contract an agonist-antagonist pair of
muscles of the forearm, often the wrist flexors and extensors,
to proportionately close and open a prosthetic hand [8], [9].
To operate a prosthetic hand with multiple grips, often a myo-
electric switching strategy (e.g., co-contraction, hold open),
a smartphone app, and/or a button on the hand is configured
to cycle between or select grips.

Multi-site myoelectric pattern recognition-based control has
been proposed as an alternative to direct control. Lab-based
evaluations of the system have been performed since at
least the 1960s, including the demonstration of function by
10 above-elbow amputees using wearable prototypes [10].
Home-based evaluations of a pattern recognition controlled
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wrist and hand has also been performed in the late 1970s;
five transradial users who had previous experienced with
myoelectric direct control were able to learn to control six
wrist and hand movements with pattern recognition [11].
This study reported that a major limitation was that the
control system was not self-contained within the prosthesis.
Improvements in electronics componentry have allowed these
limitations to be overcome resulting in efficient and self-
contained pattern recognition systems to be created in the
early 1990s [12], and extended to real-time multichannel
systems over the subsequent decade [13]. Pattern recognition
systems have been suggested as a more intuitive myoelectric
control strategy [14], [15]. Individuals with a transradial ampu-
tation can perform physiologically appropriate muscle contrac-
tions for the grip or individual finger movement they want
to control; studies have demonstrated 79% accuracy for five
transradial users across seven different finger movements [16]
and 90% accuracy for one transradial user across individual
finger flexion and extension movements [17] Additionally,
using pattern recognition to control various combinations
of hand and wrist motions have been investigated showing
real-time control of a virtual [18], [19] or physical transradial
prosthesis [20]. Reliable and accurate control of all available
degrees of freedom available remains a challenge.

Few studies have directly compared various myoelectric
control strategies with end users. Two studies have demon-
strated that individuals with a transhumeral or transradial
amputation have tended to perform better with pattern recog-
nition compared to direct control [21], [22] and a separate
study showed nearly identical outcomes between these two
control methods when transradial amputees controlled a two
degree of freedom system [23]. Another study controlling the
multi-degree of freedom DEKA arm with pattern recognition
control reported mixed user views on the usability and desir-
ability of the system compared to the control of their own
prescribed prosthesis control [24].

While the majority of pattern recognition studies are still
performed in-lab (as it has been since the 1960s), almost a
decade has passed since the first commercial EMG pattern
product became available in 2014 [25]. There is a strong need
to push the field forward by evaluating multi-grip prosthe-
ses after individuals have had the opportunity to use them
for some time in their home environment. Research in this
important area is growing and there are now more studies
that include longer accommodation periods of at-home use
of a multi-grip hand (although not comparing control styles).
Probsting et al. [26] evaluated use of Michelangelo hand
(seven hand positions and movable wrist) and found that after
at least four weeks use, individuals with a transradial ampu-
tation had a reduced perceived level of difficulty performing
many activities of daily living compared to their prescribed
single degree of freedom terminal device. Resnik et al. [27]
reported a discrepancy between patterns of DEKA hand grip
usage during in-lab tests and up to three months of home
use. For example, power grip was used more often at home
(median use of 52%) than during to in-lab testing (21%)
while pinch and lateral grip were used less at home
(4% and 14%, respectively) than during in-lab testing

(11% and 25%, respectively). Widehammar et al. [28] investi-
gated the effect of multi- vs single-grip myoelectric prosthetic
hands using the Ottobock Bebionic hand (14 grip types).
Individuals with a transcarpal amputation controlled the hand
using direct control including myoelectric switching (in com-
bination with using a button on the hand) for the multi-
grip option. Over six months of home use, performance and
satisfaction with the multi-grip hand increased over time.
While it was possible for individuals to control the multi-grip
hand with standard 2-site direct control, they did not evaluate
grip switching nor whether users selected the appropriate
grip [28].

To date, there is only a case study comparing at-home
pattern recognition control and direct control of a multi-
articulating hand [29]. In this study, a user with unilateral
dysmelia learned to control four grips of an OSSUR i-Limb
hand prosthesis, In comparison to direct control with switch-
ing, after five days of home use with pattern recognition they
reported more intuitive control while selecting the grips but
also some uncertainty during proportional continuous move-
ment. This uncertainty may have contributed to the outcome
assessment (i.e., ACMC) showing better use with direct control
compared to pattern recognition. The goal of this paper was
to perform the first multi-subject multi-week study aimed at
comparing home use and prosthesis control of two different
myoelectric strategies for a multi-grip prosthesis. Users with
a transradial amputation completed two 8-week home trials
while operating the device with 1) conventional, myoelectric
direct control with switching and 2) myoelectric pattern recog-
nition. Following each home trial, users completed a suite of
outcome measures. For pattern recognition, analyses of users’
calibrations were performed to gain a deeper understanding of
the EMG signals recorded during home use.

Il. METHODS

Individuals were recruited across the US and all fittings and
study testing were conducted at the Shirley Ryan AbilityLab in
Chicago, IL and Walter Reed National Military Medical Center
in Bethesda, MD to participate in this study (ClinicalTrials.gov
Identifier: NCT02349035). Inclusion criteria were: age 18-95,
history of a unilateral upper limb amputation below the elbow,
and the ability to use a prosthesis under myoelectric control.
Individuals were excluded if they were unable to use a
prosthesis, had cognitive impairments that would interfere with
their understanding of study requirements, or any significant
co-morbidity that would preclude completion of the study.
The study was approved by the Institutional Review Boards
of Northwestern University (STU00101444) and Walter Reed
National Military Medical Center (IRBNet#410731). All sub-
jects provided written informed consent.

Eleven individuals with a unilateral transradial amputation
were enrolled in the study. Table I outlines subject demograph-
ics including home prescribed prostheses and typical usage
with their myoelectric prosthesis. Eight subjects successfully
completed the study protocol. One subject, TR6, withdrew due
to not being able to meet the daily usage requirement. Two
subjects were withdrawn by study personnel due to noncom-
pliance: TR8 was unreachable during his second home trial
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TABLE |
SUBJECT DEMOGRAPHICS

Subiect | Gender Years Post Age | Etiolo Prescribed Prostheses Prescribed Myoelectric Prosthesis
L Amputation g gy Components Control Usage Tasks
Left Sensor speed hand, Motion Dressing and
TR1 Male 0.8 42 Control ETD and ottobock electric Direct Full-time g
Trauma . cooking
wrist rotator
TR2 Male 1 3 Right Michelangelo Hand e}nd ottobock Direct Part-time? Laundry and
Trauma AxonRotation wrist rotator cooking
TR3 Male 1 58 Right Motion Control ETD Direct Full-time Houschold ghores
Trauma and welding
TR4 Male 1.5 29 Left Bebionic Hand; Body-powered Coapt Pa'tFern Occasional® FIShm.g .reel
Trauma Recognition and lifting
TRS Male 1.5 29 Left Bebionic Hand; Body-powered Direct n/a* n/a*
Trauma
TR6* | Male 15 36 | Left OSSUR i-Limb CoaptPattern | by e | Flying plane
Trauma Recognition
TR7 Male 29 39 Left Bebionic Hand, Motion Control Direct Occasional Yardwork gnd
Trauma ETD small repairs
Left Bebionic Hand, Motion Control . . Dressing and
* > -
TR8 Male 3.4 40 Trauma ETD Direct Part-time houschold chores
Left Bebionic Hand, Ottobock Greifer, Working on cars
TRY9* Male 11 36 Motion Control ETD, Sensor Direct Full-time and electronics
Trauma
speed hand; Body-powered
. Bebionic Hand, Morning ADLs
TR10 | Female 12 48 Right Motion Control ETD and Motion Coapt Pa.ltFem Full-time and cooking
Trauma . . Recognition
Control electric wrist rotator
. S Work related tasks
TR11 Male 12.8 53 Right OSSUR i-Limb, Sensor speed Direct Part-time (installing
Trauma hand; Body-powered
computers)

Prosthetic usage: Full-time (8+ hrs/day, 7 days per week); Part-time (4-8 hrs/day, 5-7 days per week); Occasional (less than 4 hrs/day, 1-7

days per week); Sporadic (at least once a month)
ETD: electric terminal device
*Withdrawn subjects

~TR2 and TR4 reported at study enrollment their prescribed myoelectric prostheses were not fitting well. Tasks reported were for when it
fit; neither participant chose to resolve fit issues of their prescribed prosthesis with their home clinician during study participation.
*TRS had just received his 1%t prescribed myoelectric prosthesis simultaneously with study enrollment and therefore did not have typical

usage to report

and did not return for outcomes testing and TR9 completed
the study but indicated he was not trying to control nor use his
prosthesis in a useful way during the home trials or outcomes
testing.

A. Study Protocol

1) Prosthetic System: A certified prosthetist fitted all users
with a multi-articulating hand (OSSUR i-Limb Ultra Revolu-
tion [30]), a passive wrist rotator, and a myoelectric controller
(COMPLETE CONTROL Genl1 system by Coapt, LLC [25]).
The COMPLETE CONTROL system is a clinically available
pattern recognition system that was modified for this study
to also allow for direct control and data logging. Eight
electromyography (EMG) electrode pairs were embedded into
a flexible inner liner and socket. To use the same socket and
electrode setup for both direct and pattern recognition control,
care was taken when determining the location of electrodes.
Two electrode pairs were placed over the wrist flexors and
extensors for threshold-based direct control; direct control only
accessed these two channels. The remaining six electrodes
were placed over remaining residual limb forearm muscles;
pattern recognition control accessed all eight channels

For direct control, channel gains and thresholds were con-
figured in a dual-differential or a first-over strategy for pro-
portional control [9]. To switch between a default grip and
other grips, up to four triggers (hold hand open, double and
triple hand open pulse, and co-contraction) were configured.
Participants switched between grips when the hand was fully
open. Clinical judgment and user feedback were used to
determine the number of triggers and ultimately the number
of grips each individual would use, as well as which grip
would be assigned to each trigger. Direct control settings were
modified as necessary during in-lab training or testing during
pre- and post-home trial visits but not modified at home.

For pattern recognition control, participants auto-calibrated
their control at any time by making natural muscle contrac-
tions that followed along with a series of pre-programmed
grips [31], [32]. This auto-calibration process recorded and
auto-labeled myoelectric data for each trained grip. A well-
established classification system [12], [33] was trained which
used 200 ms analysis windows with a 25 ms update incre-
ment, extracted time domain and auto regressive features,
and classified data using a linear discriminant analysis classi-
fier [15], [34], [35]. Hand speed control was proportional to the
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Fig. 1. Participants using their multi-grip hand prosthesis under pattern
recognition and direct control. Participants gave permission for the use
of their identifiable images.

EMG activity [36]. To switch between grips users sustained
a ‘hand open’ muscle contraction which moved the hand to
a baseline/natural hand position before performing the muscle
contraction for the new desired grip. This scheme balanced
the potential desire to remain in a grip even if the hand was
fully open (similar to direct control) and only switch to a new
grip following a sustained hold open. Clinical judgment and
user feedback were used to determine the maximum number
of grips and which grips the individual would use. Users had
the ability to auto-calibration in the lab or at home whenever
they desired.

2) Pre-Home Trial Training: Participants were educated on
and practiced with both direct and pattern recognition control
strategies, regardless of the style of control of their pre-
scribed device. Individuals participated in therapy (Fig. 1)
with certified and licensed occupational therapist to learn how
to properly control the multi-articulating hand under both
myoelectric direct control (DC) and pattern recognition control
(PR) and how to best incorporate their prosthesis into their
activities of daily living. To avoid training biases (e.g., some
therapists may be more highly trained with direct control
compared to pattern recognition control), the same occupa-
tional therapist who has extensive experience in training both
control styles trained and tested all participants. They received
a minimum of four training sessions for a total training time of
8-12 hours prior to each 8-week home trial. During training
users performed a variety of functional tasks to ensure profi-
ciency of each control type. Training was considered complete
and the user ready to start the home trial once he or she was
able to reliably operate all the functions of the prosthesis and
perform functional tasks with the prosthesis. Additionally with
pattern recognition control users also needed to demonstrate
understanding of the calibration process (e.g., when calibration
may be needed, how to calibrate, etc). Completion of training
was at the discretion of the occupational therapist with input
from the user on comfort of use.

The order of control type was randomized. A reduced set
of 8 of the 24 available i-Limb grips [30] were available
including lateral, power, thumb precision pinch opened and
closed, thumb 3 jaw chuck opened and closed, standard

3 jaw chuck closed, and index point. Of note, all users
had up to five triggers that could be assigned in direct
control; this was the total that was possible without other aids
(app, button, grip chips, etc). For pattern recognition, the
system was capable of having all 8 grips configured if users
were able to control them, however the maximum configured
and reliably controlled by any participant was four. For each
user, grips assigned during direct control did not always match
grips assigned during pattern recognition control. To more
clearly define any differences between myoelectric control
strategies, no alternative methods of changing grips (e.g., grip
chips, IMU based gesture control, smartphone application,
etc.) were used.

3) Home Trial: During each 8-week home trial, participants
were required to check-in regularly with an occupational
therapist, maintain an average daily usage of at least two
hours per day, and log the activities they were performing
with their prosthesis. Users were also asked to denote any
grip(s) that were difficult to control and to rate their overall
prosthesis function on a scale of 1-10 where 1 corresponded to
poor function and 10 corresponded to great function. Usage
data was recorded on the embedded controller. Because the
study device included different degrees of freedom than their
prescribed prosthesis, participants were allowed to continue
use of this device. We did not track use of their prescribed
prosthesis.

4) Post-Home Trial Assessments: Following each home trial,
participants returned to the lab for assessments. Since there
is not one upper limb outcome measure that captures all
prosthetic function [37], we tested a suite of outcome measures
in order to get a more representative picture of how differences
in grip control effected prosthesis control. These measures
included:

« Southampton Hand Assessment Procedure (SHAP) evalu-
ates unilateral hand function [38]. Abstract object manip-
ulation and activities of daily living are timed by the
subject. Scores are compared to a normalized, able-bodied
control score of 100.

o Jebsen-Taylor Hand Function Test evaluates hand func-
tion. Seven hand-related tasks utilizing common items
such as cards, cans, paper clips, and coins are timed [39].

« Assessment of Capacity for Myoelectric Control (ACMC)
evaluates control a myoelectric hand. An observational
assessment of the ability to control gripping, hold-
ing, releasing and coordinating 30 items is scored on
a 4-point capability scale [40], [41]. Rasch analysis
converts capability ratings to a single measure of each
user’s functional ability.

« Modified Box and Block Test of Manual Dexterity eval-
uates gross manual dexterity. One-inch blocks are moved
one at a time from one side of a box to the other over a
wooden partition [42]. The final score is the number of
blocks transferred in 1 minute, typically averaged over
three trials.

o Activities Measure for Upper Limb Amputees
(AM-ULA) evaluates the performance of daily functional
activities using the prosthesis and is graded on a scale
of 0-4 (unable to excellent) [43].
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A higher score for the SHAP, ACMC, AM-ULA, and Box
and Blocks and a lower score for the Jebsen-Taylor indicated
better function or control.

Since commercially available pattern recognition systems
provide users the advantage of recalibrating at any time,
this important feature was included during home trial and
assessment. To parallel clinically available direct control,
control parameters were only modified during their prosthetic
or laboratory visits. If the clinicians and/or participant agreed
modifications of their direct control settings were necessary
prior to starting outcomes, changes were made. For both styles
of control, no changes to grip configurations were made once
home trial ended and outcomes began.

B. Data Analysis

During the home trial, prosthesis daily usage data was
logged on the device. Measures included the duration of time
the prosthesis was turned on, which grip(s) were used and the
speed at which the hand was commanded to move. From these
data, we calculated average daily wear time as the total number
of hours the device was turned on divided by the total number
of days the device was turned on. For pattern recognition
control, the number of times the prosthesis was recalibrated
and the raw EMG recorded during calibration were logged.
Since the configured grips for each user were selected based
on the most functional grips for their own activities of daily
living, the time spent in each grip was ranked in order of
descending usage and the percentage of time spent in each
grip was calculated.

EMG recorded during pattern recognition calibration was
analyzed to measure offline classification accuracy. A leave-
one-out-cross-validation analysis was performed across all
calibrations performed in each quarter of the home trial.
Confusion matrices for each subject were created in order to
investigate whether there were trends in accuracy of different
grips and whether those trends remained varied across the
duration of the home trial.

Calibration EMG data were also used to investigate potential
signal noise and user timing issues that may have occurred at
home. Signal noise issues included higher presence of 60 Hz
noise (i.e., higher baseline signal noise), poor skin/electrode
impedance matching, intermittent electrode contact, faulty
wire. User timing issues included non-trivial muscle activity
recorded during the no movement/rest portion of the calibra-
tion (i.e., amplitude near equivalent to the lowest amplitude
grip muscle pattern), missing contractions (e.g., no muscle
activity during an expected movement portion of the calibra-
tion), and/or calibration timing issues (e.g., one muscle con-
traction(s) recorded across two different calibrated movements,
or when muscle contraction starts too early or ends too late).

To compare cumulative wear time, average daily wear-time,
number days powered on and number of configured grips,
between direct and pattern recognition control, we performed a
repeated measures analysis of variance (ANOVA) with subject
as a random factor, control type (DC, PR) and order as fixed
factors. To compare outcome measures between direct and
pattern recognition control, we performed a repeated measures

TABLE Il
HOME USE DATA

. Pattern
. Direct L.
Metric Recognition
Control
Control
Number of grips configured* 4.8 [0.5] 3.8[0.7]
Home trial length, days 75.5[12.6] 68.6 [8.6]
Days powered on 48.9 [13.3] 47.5[15.9]
Cumulative hours powered on 216.7 [55.7] | 247.4[60.6]
Overall user rating 7.5[0.7] 8.0[0.9]
[1=poor, 10=great]
15t quarter 7.0[1.3] 7.5[1.5]
2" quarter 7.5[1.3] 8.1[0.9]
3" quarter 7.6 [0.5] 8.2[0.7]
4th quarter 7.5[0.5] 8.3[0.8]
Overall Classification Accuracy, % n/a 81.5[7.1]
15t quarter 81.8[6.1]
2" quarter 80.8 [9.1]
3" quarter 82.7[9.3]
4th quarter 84.8 [5.6]

*indicates significant difference between control, p<0.05

analysis of variance (ANOVA) with subject as a random factor,
control type (DC, PR) and order as fixed factors, and the
average daily wear time, testing order, and control condition
of the users’ prescribed prosthesis as a covariate. As the
average daily wear-time was found to be non-significant, it was
removed from the model.

I1l. RESULTS
A. Home Usage

Participants reported successfully using the multi-
articulating hand prosthesis for similar activities across the
duration of the study protocol for both control conditions.
These activities included housework (e.g., washing and folding
laundry, sweeping, mopping, vacuuming), meal preparation,
self-care (e.g., dressing, grooming, cutting food), yardwork
(e.g., mowing lawn), grocery shopping, and for employment
including office work (e.g., filing papers, typing) and holding
small tools for maintenance work. Usage data logged on the
device during the home trials showed no significant difference
in cumulative hours powered on or on the average daily
on time between control conditions (Table IT) (p > 0.05).
Participants rated their overall prosthesis function for direct
control as 7.5 [0.7] and for pattern recognition as 8.0 [0.9].
These ratings remained fairly consistent across the duration
of the home trial, with pattern recognition increasing slightly
each quarter (Table IT). At the conclusion of the study, seven
of the eight subjects (all except TR3) stated they preferred
pattern recognition over direct control.

The three most commonly configured grips, were power,
thumb precision pinch closed, and standard 3 jaw chuck closed
(Fig. 2A). On average, more grips were configured for direct
control (Table II, p = 0.02); however, while using the multi-
articulating hand at home, participants demonstrated broader
usage of grips in pattern recognition compared to direct control
(Fig. 2A & 2B). Participants spent 83.0% [1.9] of the time at
home in a single grip (i.e., most-used grip) for direct control,
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A) Individual grip use during home trial
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B) Average grip use of all users during home trial
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Fig. 2. Home use grip usage including A) configured grips for each subject displayed with the percentage of usage time associated with direct
control and pattern recognition control and B) average grip usage across all users with grips ranked in descending usage order for direct control and
pattern recognition. Grey shading indicates results from direct control and blue shading indicates results from pattern recognition control.

Outcome Measures

. » 20 1
60 §
= =
S o
'*é 40 - 510 - [ Direct Control
= 20 g [ Pattern Recognition
[S Control
= |
0 L Z 0 -
ACMC Box & Blocks
295 540 %
20 - 3 Q
o1 2 § 200 |
3 20 g
w10 o E 100
= [
5 3
0 £o 0 !
AM-ULA SHAP Jebsen-Taylor

Fig. 3. Outcomes using direct (grey) and pattern recognition (blue)
control. The ACMC showed significantly improved control for pattern
recognition compared to direct control (*p < 0.05).

11.5% [1.3] of the time in their second most used grip, and
4.1% [1.1] of the time in their third most used grip. For pattern
recognition control, usage at home was spread out across a
larger number of grips with approximately 56.1% [6.6] of
the time spent in the preferred grip, and 23.4% [3.5] and
16.5% [3.4] of time spent in the 2nd and 3rd most used grips,
respectively.

B. Outcome Measures

Testing order and control of the users’ home prescribed
prosthesis were found to be not significant and therefore these
covariates were removed from the model. Analyzing outcome
measures showed significant differences between control con-
ditions (Fig. 3); users scored significantly better control with
pattern recognition compared to direct control (DC: 48.3 [3.4];
PR: (58.7 [2.2], p = 0.017). The Box and Blocks (DC: 35.9
[2.6]; PR: 37.7 blocks [2.9]; p = 0.75), AMULA (DC: 19.7
[0.5]; PR: 21.1 [1.0]; p = 0.16), Jebsen-Taylor (DC: 264.5 sec
[22.6]; PR: 226.4 sec [17.7], p = 0.35), and SHAP (DC:
36.6 [2.3]; PR: 35.4 [2.5], p = 0.697) showed no significant

differences between control. For pattern recognition control
seven of eight users recalibrated in between tasks in the
assessments an average of 3.9 [3.5] times. For direct control
a prosthetist adjusted settings (gains or thresholds) for one of
eight users prior to beginning outcomes.

C. Signal Quality During Pattern Recognition Calibration

During the pattern recognition home trial, the amount
of times users calibrated their prosthesis was highly vari-
able. Median value was 18.0 with an interquartile range of
11.75 to 36. TRS only calibrated one time at home and TR2
calibrated his prosthesis the most often with 97 calibration
sessions at home. An example of raw EMG recorded during
calibration of four grip patterns with no signal quality issues
identified is shown in Fig. 4A. The figure additionally shows
examples of various types of signal noise (Fig. 4B) and
user timing (Fig. 4C) issues identified during analysis. Fig. 5
displays, in counts per user, how many times both noise and
user timing issues were identified.

D. Calibration Offline Classification Accuracy

Figure 6 displays the offline accuracy confusion matrices
and the grips identified via home logs as difficult to control in
real-time of each user across each quarter of the home trial.
The majority of grips for all users had accuracies above 70%
with many in the 85% to 95% range. Average classification
accuracy across all users 81.5% [7.1].

V. DISCUSSION

To the authors knowledge this is the first multi-user study
to evaluate multi-grip control at home with two different
myoelectric control strategies. While pattern recognition con-
trol did not increase the total number of grips a user had
access to, users did access more varied grips with pattern
recognition compared to direct control. Due to using natural
muscle contraction patterns paired with similar prosthesis
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Fig. 4. Example EMG calibration data from all 8 signals recorded during
home use. A) Data recorded from one user calibrating 4 grips (Key,
Power, Tripod Closed, and Precision Pinch Closed) grips with no issues
identified. Other calibrations demonstrate examples of B) signal noise
and C) user timing issues.
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Fig. 5. Number of calibrations per subject where any issues (top), signal
noise issues (middle), and user timing issues (bottom) were identified.
The number of calibrations was highly variable between subjects.

grips, pattern recognition may encourage users to access a
more useful or functional grip for their activities of daily
living. These data, recorded at home, provide an insight into
how an individual truly translates at home what is setup for
them in the laboratory or clinic.

During our in-lab clinical testing, users showed a significant
improvement of 21% (representing an average score increase
of 10.4 [2.9] in the ACMC. The ACMC was included because
of its ability to measure skill in prosthesis control and flow of
movement including the user’s ability to grasp, release, and
hold items in multiple planes of movement [40]. For this test,
users are encouraged to use their prosthetic hand as much as
possible throughout the assessment. The significant increase
found in this study may be a result of users accessing and
therefore having more practice with more grips using pattern
recognition control. In contrast, a case study using four grips of
the i-Limb Ultra hand showed better prosthesis performance in
the ACMC with direct control compared to pattern recognition
following five days of pattern recognition home use [29].

In contrast to user preference which indicated 7 of 8 par-
ticipants favored consistently rated pattern recognition higher
than direct control while at home and the same subjects
preferring pattern recognition at the end of the study, the
other outcomes assessed showed no difference between control
types. For some tests, this is not surprising. For example, the
Box and Blocks task does not require changing grips; there
would be no reason to believe that performance would be
different between control types but including this comparison
was still important. One might expect pattern recognition to
perform more poorly if misclassification caused the hand to
change grips erroneously. Our results confirm that pattern
recognition did not degrade simple one degree of freedom
hand movements. For the SHAP, it is possible to achieve high
scores by performing compensatory movements or completing
components of the test without using the most functionally
appropriate grips. For this study in direct control the hand
started in the users default grip (i.e., power grip for the
majority of users) and with pattern recognition the hand started
in a relaxed hand open position where users had to perform the
muscle contraction of the grip they desired. For either control
style, there is the possibility some participants just completed
the task with whichever grip was selected first. One study
showed that users could perform well in the SHAP using only
a single degree of freedom terminal device [44] which requires
no grip switching. The AM-ULA evaluates skillfulness and
speed of movement and we expected a difference between the
two control strategies. For this test, a user completes a series of
activities of daily living in which they are either encouraged to
use their prosthesis to complete bilateral tasks and asked to use
only their prosthesis to complete unilateral tasks and ask time
is not measured or constrained [43]. The AM-ULA trended
towards improved control with pattern recognition but this
potential difference was not statistically significant. Perhaps
other outcome measures that explicitly measured body com-
pensations, such as the Gaze and Movement Assessment [45],
or inclusion of a powered wrist rotator, may reveal more
notable differences between control types.

The choice of not using a powered wrist rotator likely
impacted overall performance for both conditions. Controlling
a powered wrist via direct or pattern recognition might have
contributed to additional differences seen during outcome mea-
sures. For direct control users would need to access the wrist
via either another myoelectric switch (or replace a grip with
wrist control). With pattern recognition control users could
implement seamless sequential control to go back and forth
between hand and wrist movements. This choice may have
especially impacted the three subjects who use a powered wrist
with their prescribed device. Pre-positioning of the passive
wrist rotation was allowed prior to starting tasks, however was
not allowed to complete the task. For example, SHAP page
turning, they were allowed to pre-position the hand/wrist after
the timer was started but not use the passive wrist to complete
the turning of the page. For the ACMC, pre-positioning
was allowed throughout the evaluation. Although reliable and
accurate control of the wrist in combination with multiple grips
still remains rather challenging regardless of control modality,
preliminary work on intact-limbed individuals demonstrates
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improved performance with additional degrees of freedom at
the wrist [46]. Additionally had we measured users’ baseline
control with their prescribed prosthesis we may have been
able to better define changes in control due to study prosthesis
components.

The pattern recognition portion of the study provided a
unique opportunity to evaluate EMG and user calibrations
during home use. An offline analysis of these calibrations
showed that users were fairly accurate with their grip con-
trol (average 81.5%) and that this remained fairly constant
throughout the duration of the home trial. The grips users
felt hard to control (Fig. 6) weren’t always the grips with the
lowest accuracy. This is likely the difference between offline
analysis of these calibration sessions and real-time control.
Unfortunately we were unable to measure misclassification
during home use without constant knowledge of the users’
intent. One novel study with a similar pattern recognition
control subjectively logged errors and the user’s intended grip
via a button during real-time home use of four grips of the
i-Limb Ultra [29]. The user reported four to six errors in grip
control across five consecutive days. While something similar
could have been helpful in this study, the logging of errors in
this way likely interfered with natural use.

It is hard to determine if or how much the individuals’
choices to calibrate both at home and during outcomes effected
their control and whether recalibration truly was necessary.
Users may have chosen to recalibrate because of poor control
(potentially due to fatigue, arm position, etc) or simply because
they were used to recalibrating often. The benefit of pattern
recognition is that it not only provides this choice to the user,
letting them feel more in control of their own device, but
also that the calibration procedure doesn’t take long (under
a minute, with less time when less grips are configured).

Early concerns regarding clinical viability of pattern recog-
nition included potential difficulties maintaining quality EMG
signals on more than the two channels necessary for direct
control. While the reliance on clean EMG signals and the
potential for signal noise via faulty wires or the electrode-
skin interface (e.g., electrodes picking up 60 Hz interference
or poor electrode impedance matching [47]) are well known in
the field, data of how often these signal characteristics occur
during home use has thus far been unreported. In this study we
confirm that while maintaining good electrode connection with
eight bipolar EMG channels is difficult, the EMG still resulted
in usable pattern recognition control as evidence by the fact
that even with some signal issues, pattern recognition control
was at least as good as, or for some outcomes significantly
better than, direct control.

While certain calibrations demonstrate EMG quality below
laboratory-based standards, many of these calibrations still
result in satisfactory prosthesis control. Usage at home likely
depends more on the consistency of these issues; an intermit-
tent signal issue, or one that was present during calibration
but then resolves itself during use, can lead to poor control
whereas a consistent signal issue, or one that is consistently
present during calibration and subsequent use may be unno-
ticeable to the user. This idea was reinforced during an in-lab
test demonstrating that amputee users maintained prosthesis

function following simulated signal issues on at least two of
the eight available signals [48].

Similarly user timing issues do not automatically imply poor
control. Many users are in fact encouraged to move their arm
freely around the workspace during each movement of calibra-
tion, including rest [49]. Finding the right balance of optimal
movement is critical. Too much activity during rest, especially
if the overall magnitude of EMG activity recorded is at or
above the magnitude of EMG activity for a desired motion
class, raises the threshold for the pattern recognition controller
to be able to distinguish motion from no motion [50]. This has
the potential to make activating an intended motion difficult,
since the threshold for movement can become high. But the
right amount of arm movement for the rest or the “no motion”
portion of calibration can raise the motion threshold just
enough to reduce inadvertent movements of the prosthesis.
Alternative approaches to automatic categorize training data
as corresponding to a resting or active category could help
mitigate these issues.

An important finding from the at-home calibrations was that
identifying signal or timing issues closer to their onset could
further improve user pattern recognition control and user
experience. These study data were stored on the prosthesis
during the 8-week home trial and thus unavailable for real-time
analysis and feedback. Since completing this study, mobile
phone applications have become available to inform users
of calibration quality immediately and provide signal quality
indicators to both the user and clinician [51]. An even more
powerful alternative would be a cloud-connected health system
whereby a clinical or research team could remotely access
device data in a timely manner such that a resolution could be
proposed; a prosthetist can remotely identify poor fit issues
and faulty wires [52] and recall the study participant or just
the device to address the issue(s), a therapist can identify user
calibration issues in order to provide subject-specific training
to improve their muscle contraction timing, or, if accessible,
device settings can be remotely adjusted. Furthermore, purely
knowing the number of times a user has calibrated can be
important to a clinician. For example, had this been in place
for this study, a therapist could have intervened to question
why TR2 was calibrating so often (97 times during the
8-week home trial) or why TR5 had only calibrated one time
in 8 weeks (even if only to confirm continued function). TR2’s
high number of calibrations was due to poor control caused
by electrode liftoff; TR2 often calibrated five to eight times
in a row before he reached out to the occupational therapist
and/or prosthetist for assistance. Once study personnel were
aware of the electrode liftoff and socket fit issues they
attempted to resolve them but ongoing fit issues remained
during the first half of his home trial. Once these issues
were finally resolved TR2’s number of calibrations drastically
decreased; during the last half of the home trial, TR2 only
calibrated on 4 separate days. TRS chose not to calibrate over
the majority of the home trial because he was happy with the
daily performance of the prosthesis.

Our study on the comparison of direct control to pattern
recognition had some limitations. All users had access to
their prescribed prosthesis but we did not track how often
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these devices were used during the home trials. Four of the
eight participants (TR3, TRS, TR10, TR11) reported regularly
switching back to their prescribed device (body powered
or ETD) mostly to complete heavy duty tasks or tasks that
were too rough on the multi-grip hand. For the other four, two
participants (TR2 and TR4) did not switch to their prescribed
device because it remained ill-fitting during the study and we
are unsure of the remaining two (TR1 and TR7). Switching
may have caused an additional cognitive burden for users when
their prescribed prosthesis was configured under the opposite
control type as the study prosthesis. Although the order of
control conditions was randomized and order found to be not
significant, users may still have been learning how to use
the multi-articulating hand and/or the control throughout the
8-week trial or learning the outcome measures. It was found
that able-body participants did better at performing the SHAP
after completing it five days in a row [53], although it is
unclear the impact when assessments were completed 2-3
months apart. Another limitation of the study was the low
number of enrolled subjects likely reduced our power for
detecting changes between control conditions.

The electronic usage data was limited due to the type
of data logging available. We were unable to distinguish
between wear time (i.e., wearing the prosthesis) and use time
(i.e., using the prosthesis to accomplish a task) and instead
were able to record on time (i.e., prosthesis powered on).
These three measurements are different and we are unable
to know if wear or use time differed by control condition.
Similarly, while we measured the time spent in each grip we
were unable to distinguish how the grips were being used,
if switching most often occurred between more similar grips
(e.g., 3 jaw chuck closed and precision pinch closed) or more
different grips (e.g., precision pinch and lateral grasp) and if
that varied by control condition.

V. CONCLUSION
This study provided critical insight into the control and

home use of multi-articulating hand prosthesis. Users demon-
strated broader use of a variety grips at home and signif-
icant improvements in the ACMC outcome measure while
controlling their prosthesis with pattern recognition compared
to direct control. At-home pattern recognition calibration data
revealed that although signal noise and user timing issues
were identified on some calibrations, overall EMG quality was
sufficient to provide users with control performance at or better
than direct control. Since these data were collected in home
they provide a more accurate story of how well EMG signals
can be maintained during true daily use. Additionally, these
calibration sessions highlight an opportunity for near real-
time analysis and user feedback that could provide additional
information to resolve device or user errors and/or accelerate
user training.

ACKNOWLEDGMENT

The authors would like to thank Michael Stephens,
Grant Wang, Matthew Mongeon, Jose Ochoa, and Rudhram
Gajendran for technical assistance with this project and Carlee
Culver for administrative assistance at Walter Reed National
Military Medical Center.

DISCLOSURE

Coapt LLC was launched in 2012 and has a technology
transfer and license agreement with the Shirley Ryan Abil-
ityLab for the development of certain control technologies.
T.A. Kuiken and L.J. Hargrove in the Center for Bionic
Medicine at Shirley Ryan AbilityLab are responsible for the
design, conduct and reporting of this research, and also have
financial, management and ownership interests in Coapt LLC,
which manufactures the device being tested in this research.
These interests have been fully disclosed to Shirley Ryan
AbilityLab and Northwestern University, and there is a conflict
of interest management plan in place relative to this research
study.

REFERENCES

[1] T.R. Dillingham, L. E. Pezzin, and E. J. MacKenzie, “Limb amputation
and limb deficiency: Epidemiology and recent trends in the United
States,” South Med. J., vol. 95, no. 8, pp. 875-883, Aug. 2002, doi:
10.1097/00007611-200208000-00018.

[2] T. Feix, I. M. Bullock, and A. M. Dollar, “Analysis of human grasping
behavior: Object characteristics and grasp type,” IEEE Trans. Haptics,
vol. 7, no. 3, pp. 311-323, Jul. 2014, doi: 10.1109/TOH.2014.2326871.

[3] T. Feix, I. M. Bullock, and A. M. Dollar, “Analysis of human grasping
behavior: Correlating tasks, objects and grasps,” IEEE Trans. Haptics,
vol. 7, no. 4, pp. 430-441, Oct. 2014, doi: 10.1109/TOH.2014.2326867.

[4] J. T. Belter, J. L. Segil, A. M. Dollar, and R. F. Weir, “Mechanical
design and performance specifications of anthropomorphic prosthetic
hands: A review,” J. Rehabil. Res. Develop., vol. 50, no. 5, pp. 599-618,
Aug. 2013, doi: 10.1682/jrrd.2011.10.0188.

[5] A. Cloutier and J. Yang, “Design, control, and sensory feedback
of externally powered hand prostheses: A literature review,” Crit.
Rev. Biomed. Eng., vol. 41, no. 2, pp. 161-181, 2013, doi: 10.1615/
CritRevBiomedEng.2013007887.

[6] C. L. Semasinghe, D. G. K. Madusanka, R. K. P. S. Ranaweera, and
R. A. R. C. Gopura, “Transradial prostheses: Trends in development of
hardware and control systems,” Int. J. Med. Robot. Comput. Assist. Surg.,
vol. 15, no. 1, pp. 1-10, 2019, doi: 10.1002/rcs.1960.

[71 D. K. Kumar, B. Jelfs, X. Sui, and S. P. Arjunan, “Prosthetic hand
control: A multidisciplinary review to identify strengths, shortcomings,
and the future,” Biomed. Signal Process. Control, vol. 53, Aug. 2019,
Art. no. 101588, doi: 10.1016/j.bspc.2019.101588.

[8] A. H. Bottomley, “Myo-electric control of powered prostheses,” J. Bone
Joint Surg., Brit. Volume, vol. 47, no. 3, pp. 411-415, Aug. 1965, doi:
10.1302/0301-620x.47b3.411.

[91 T. W. Williams, “Control of powered upper extremity prosthe-

ses,” in Functional Restoration of Adults and Children With

Upper Extremity Amputation, R. H. Meier and D. J. Atkins, Eds.

New York, NY, USA: Demos Med. Publishing, 2004, pp. 207-224, doi:

10.1002/0471678384.ch18.

R. W. Wirta, D. R. Taylor, and F. R. Finley, “Pattern-recognition arm

prosthesis: A historical perspective. A final report,” Bull. Prosthet. Res.,

vol. 10, no. 30, pp. 8-35, 1978.

C. Almstrom, P. Herberts, and L. Korner, “Experience with Swedish

multifunctional prosthetic hands controlled by pattern recognition of

multiple myoelectric signals,” Int. Orthopaedics, vol. 5, no. 1, pp. 15-21,

1981.

B. Hudgins, P. Parker, and R. N. Scott, “A new strategy for multifunc-

tion myoelectric control,” IEEE Trans. Biomed. Eng., vol. 40, no. 1,

pp. 82-94, Jan. 1993, doi: 10.1109/10.204774.

K. Englehart and B. Hudgins, “A robust, real-time control scheme for

multifunction myoelectric control,” IEEE Trans. Biomed. Eng., vol. 50,

no. 7, pp. 848-854, Jun. 2003.

[14] L. J. Hargrove, E. J. Scheme, K. B. Englehart, and B. S. Hudgins,

“Multiple binary classifications via linear discriminant analysis for

improved controllability of a powered prosthesis,” IEEE Trans. Neural

Syst. Rehabil. Eng., vol. 18, no. 1, pp.49-57, Feb. 2010, doi:

10.1109/TNSRE.2009.2039590.

P. Zhou et al., “Decoding a new neural machine interface for control of

artificial limbs,” J. Neurophysiol., vol. 98, no. 5, pp. 2974-2982, 2007,

doi: 10.1152/jn.00178.2007.

(10]

[11]

[12]

[13]

[15]


http://dx.doi.org/10.1097/00007611-200208000-00018
http://dx.doi.org/10.1109/TOH.2014.2326871
http://dx.doi.org/10.1109/TOH.2014.2326867
http://dx.doi.org/10.1682/jrrd.2011.10.0188
http://dx.doi.org/10.1002/rcs.1960
http://dx.doi.org/10.1016/j.bspc.2019.101588
http://dx.doi.org/10.1302/0301-620x.47b3.411
http://dx.doi.org/10.1002/0471678384.ch18
http://dx.doi.org/10.1109/10.204774
http://dx.doi.org/10.1109/TNSRE.2009.2039590
http://dx.doi.org/10.1152/jn.00178.2007
http://dx.doi.org/10.1615/CritRevBiomedEng.2013007887
http://dx.doi.org/10.1615/CritRevBiomedEng.2013007887

SIMON et al.: USER PERFORMANCE WITH A TRANSRADIAL MULTI-ARTICULATING HAND PROSTHESIS

281

(16]

[17]

[18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

(33]

C. Cipriani et al.,, “Online myoelectric control of a dexterous
hand prosthesis by transradial amputees,” [EEE Trans. Neural
Syst. Rehabil. Eng., vol. 19, no. 3, pp. 260-270, Jun. 2011, doi:
10.1109/TNSRE.2011.2108667.

F. V. G. Tenore, A. Ramos, A. Fahmy, S. Acharya,
R. Etienne-Cummings, and N. V. Thakor, “Decoding of individuated
finger movements using surface electromyography,” IEEE Trans.
Biomed. Eng., vol. 56, no. 5, pp. 1427-1434, May 2009, doi:
10.1109/TBME.2008.2005485.

G. Li, A. E. Schultz, and T. A. Kuiken, “Quantifying pattern
recognition—Based myoelectric control of multifunctional transradial
prostheses,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 18, no. 2,
pp. 185-192, Apr. 2010, doi: 10.1109/TNSRE.2009.2039619.

A. Pradhan, U. Kuruganti, W. Hill, N. Jiang, and V. Chester, “Robust
simultaneous and proportional myoelectric control scheme for indi-
viduals with transradial amputations,” in Proc. 42nd Annu. Int. Conf.
IEEE Eng. Med. Biol. Soc. (EMBC), Jul. 2020, pp. 3098-3101, doi:
10.1109/EMBC44109.2020.9176603.

C. Piazza, M. Rossi, M. G. Catalano, A. Bicchi, and L. J. Hargrove,
“Evaluation of a simultaneous myoelectric control strategy for
a multi-DoF transradial prosthesis,” IEEE Trans. Neural Syst.
Rehabil. Eng., vol. 28, no. 10, pp.2286-2295, Oct. 2020, doi:
10.1109/TNSRE.2020.3016909.

L. J. Hargrove, L. A. Miller, K. Turner, and T. A. Kuiken, “Myoelectric
pattern recognition outperforms direct control for transhumeral amputees
with targeted muscle reinnervation: A randomized clinical trial,” Sci.
Rep., vol. 7, no. 1, p. 13840, Dec. 2017, doi: 10.1038/s41598-017-
14386-w.

T. A. Kuiken, L. A. Miller, K. Turner, and L. J. Hargrove, “A comparison
of pattern recognition control and direct control of a multiple degree-
of-freedom transradial prosthesis,” IEEE J. Transl. Eng. Health Med.,
vol. 4, pp. 1-8, 2016, doi: 10.1109/JTEHM.2016.2616123.

L. Resnik, H. Huang, A. Winslow, D. L. Crouch, F. Zhang, and N. Wolk,
“Evaluation of EMG pattern recognition for upper limb prosthesis
control: A case study in comparison with direct myoelectric control,”
J. NeuroEng. Rehabil., vol. 15, no. 1, p. 23, 2018, doi: 10.1186/s12984-
018-0361-3.

L. J. Resnik, F. Acluche, and S. L. Klinger, “User experience of
controlling the DEKA arm with EMG pattern recognition,” PLoS
ONE, vol. 13, no. 9, pp. 1-31, 2018, doi: 10.1371/journal.pone.
0203987.

Coapt LLC. Complete Control. Accessed: Jan. 10, 2019. [Online].
Available: https://www.coaptengineering.com/technology.html

E. Probsting et al., “Ease of activities of daily living with conventional
and multigrip myoelectric hands,” J. Prosthetics Orthot., vol. 27, no. 2,
pp. 46-52, 2015, doi: 10.1097/J7PO.0000000000000058.

L. Resnik, F. Acluche, and M. Borgia, “The DEKA hand: A multi-
function prosthetic terminal device—Patterns of grip usage at home,”
Prosthetics Orthotics Int., vol. 42, no. 4, pp. 446454, Aug. 2018, doi:
10.1177/0309364617728117.

C. Widehammar, A. Hiyoshi, K. L. Holmqvist, H. Lindner, and
L. Hermansson, “Effect of multi-grip myoelectric prosthetic hands on
daily activities, pain-related disability and prosthesis use compared with
single-grip myoelectric prostheses: A single-case study,” J. Rehabil.
Med., vol. 54, p. 807, Nov. 2021, doi: 10.2340/jrm.v53.807.

E. Mastinu, J. Ahlberg, E. Lendaro, L. Hermansson, B. Hakansson,
and M. Ortiz-Catalan, “An alternative myoelectric pattern recogni-
tion approach for the control of hand prostheses: A case study
of use in daily life by a dysmelia subject,” IEEE J. Transl. Eng.
Health Med., vol. 6, pp. 1-12, 2018, doi: 10.1109/JITEHM.2018.
2811458.

OSSUR. I-Limb Ultra Revolution. Accessed: Feb. 28, 2022. [Online].
Available:  https://www.ossur.com/prosthetic-solutions/products/touch-
solutions/i-limb-ultra

A. M. Simon, B. A. Lock, and K. A. Stubblefield, “Patient training
for functional use of pattern recognition—controlled prostheses,” JPO
J. Prosthetics Orthotics, vol. 24, no. 2, pp. 56-64, Apr. 2012, doi:
10.1097/JPO.0b013e3182515437.

C. L. Chicoine, A. M. Simon, and L. J. Hargrove, ‘“Prosthesis-
guided training of pattern recognition-controlled myoelectric prosthesis,”
in Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc., Aug. 2012,
pp. 1876-1879, doi: 10.1109/EMBC.2012.6346318.

T. A. Kuiken et al.,, “Targeted muscle reinnervation for real-time
myoelectric control of multifunction artificial arms,” JAMA, vol. 301,
no. 6, pp. 619-628, 2009, doi: 10.1001/jama.2009.116.

[34]

[35]

[36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

(471

(48]

[49]

[50]

[51]

[52]

[53]

R. Duda, P. Hart, and D. Stork, Pattern Classification, 2nd ed. Hoboken,
NJ, USA: Wiley, 2000.

E. Scheme and K. Englehart, “Electromyogram pattern recognition for
control of powered upper-limb prostheses: State of the art and challenges
for clinical use,” J Rehabil. Res. Develop., vol. 48, no. 6, pp. 643—660,
2011, doi: 10.1682/JRRD.2010.09.0177.

E. Scheme, B. Lock, L. Hargrove, W. Hill, U. Kuruganti, and
K. Englehart, “Motion normalized proportional control for improved
pattern recognition-based myoelectric control,” IEEE Trans. Neural
Syst. Rehabil. Eng., vol. 22, no. 1, pp. 57-149, Jan. 2014, doi:
10.1109/TNSRE.2013.2247421.

W. Hill, O. Stavdahl, L. N. Hermansson, P. Kyberd, S. Swanson,
and S. Hubbard, ‘“Functional outcomes in the WHO-ICF model:
Establishment of the upper limb prosthetic outcome measures group,”
J. Prosthetics Orthotics, vol. 21, no. 2, pp. 115-119, Apr. 2009, doi:
10.1097/JPO.0b013e3181ald2dc.

C. M. Light, P. H. Chappell, and P. J. Kyberd, “Establishing a standard-
ized clinical assessment tool of pathologic and prosthetic hand function:
Normative data, reliability, and validity,” Arch. Phys. Med. Rehabil.,
vol. 83, no. 6, pp. 776783, Jun. 2002, doi: 10.1053/apmr.2002.32737.
R. H. Jebsen, N. Taylor, R. B. Trieschmann, M. J. Trotter, and
L. A. Howard, “An objective and standardized test of hand function,”
Arch. Phys. Med. Rehabil., vol. 50, no. 6, pp. 311-319, Jun. 1969.

L. M. Hermansson, A. G. Fisher, B. Bernspang, and A.-C. Eliasson,
“Assessment of capacity for myoelectric control: A new Rasch-built
measure of prosthetic hand control,” J. Rehabil. Med., vol. 37, no. 3,
pp. 166-171, 2005, doi: 10.1080/16501970410024280.

H. Lindner, J. Linacre, and L. N. Hermansson, “Assessment of
capacity for myoelectric control: Evaluation of construct and rating
scale,” J. Rehabil. Med., vol. 41, no. 6, pp. 467-474, 2009, doi:
10.2340/16501977-0361.

V. Mathiowetz, G. Volland, N. Kashman, and K. Weber, “Adult norms for
the box and block test of manual dexterity,” Amer. J. Occupat. Therapy,
vol. 39, pp. 386-391, Jun. 1985, doi: 10.5014/ajot.39.6.386.

L. Resnik et al., “Development and evaluation of the activities measure
for upper limb amputees,” Arch. Phys. Med. Rehabil., vol. 94, no. 3,
pp. 488-494, 2013, doi: 10.1016/j.apmr.2012.10.004.

H. A. Reinders-Messelink, R. M. Bongers, H. Bouwsema, and
C. K. Van Der Sluis, “The I-LIMB hand and the DMC plus hand com-
pared: A case report,” Prosthet. Orthot. Int., vol. 34, no. 2, pp. 216-220,
Jun. 2010, doi: 10.3109/03093641003767207.

H. E. Williams, C. S. Chapman, P. M. Pilarski, A. H. Vette, and
J. S. Hebert, “Gaze and movement assessment (GaMA): Inter-site val-
idation of a visuomotor upper limb functional protocol,” PLoS ONE,
vol. 14, no. 12, pp. 1-20, 2019, doi: 10.1371/journal.pone.0219333.

F. Montagnani, M. Controzzi, and C. Cipriani, “Is it finger or wrist
dexterity that is missing in current hand prostheses?” IEEE Trans.
Neural Syst. Rehabil. Eng., vol. 23, no. 4, pp. 600-609, Jul. 2015, doi:
10.1109/TNSRE.2015.2398112.

R. N. Scott and D. F. Lovely, “Amplifier input impedances for myo-
electric control,” Med. Biol. Eng. Comput., vol. 24, no. 5, pp. 527-530,
Sep. 1986, doi: 10.1007/BF02443970.

A. M. Simon, B. A. Lock, K. A. Stubblefield, and L. J. Hargrove,
“Prosthesis-guided training increases functional wear time and improves
tolerance to malfunctioning inputs of pattern recognition—controlled
prostheses,” in Proc. Myoelectr. Control Symp. (MEC). Fredericton, NB,
Canada: University of New Brunswick, 2011, pp. 1-4.

R. B. Woodward and L. J. Hargrove, “Adapting myoelectric control in
real-time using a virtual environment,” J. NeuroEng. Rehabil., vol. 16,
no. 1, pp. 1-12, Dec. 2019, doi: 10.1186/s12984-019-0480-5.

B. A. Lock, A. M. Simon, K. Stubblefield, and L. J. Hargrove,
“Prosthesis-guided training for practical use of pattern recognition
control of prostheses,” in Proc. Myoelectr. Symp. (MEC), 2014, pp. 1-4.
Z. A. Wright and B. Lock, “Data quality assessment tool to improve
upper limb myoelectric prosthesis control,” in Proc. Amer. Orthotics
Prosthetics (AOPA). Las Vegas, NV, USA: National Assembly, 2020,
p. L.

L. A. Miller, K. L. Turner, and A. M. Simon, “Data logging during
pattern recognition calibration as a remote diagnositc tool,” in Proc.
MEC Symp., Jul. 2020, pp. 1-4.

E. Vasluian, R. Bongers, H. Reinders-Messelink, J. Burgerhof,
P. Dijkstra, and C. Sluis, “Learning effects of repetitive administration
of the southampton hand assessment procedure in novice prosthetic
users,” J. Rehabil. Med., vol. 46, no. 8, pp. 788-797, 2014, doi:
10.2340/16501977-1827.


http://dx.doi.org/10.1109/TNSRE.2011.2108667
http://dx.doi.org/10.1109/TBME.2008.2005485
http://dx.doi.org/10.1109/TNSRE.2009.2039619
http://dx.doi.org/10.1109/EMBC44109.2020.9176603
http://dx.doi.org/10.1109/TNSRE.2020.3016909
http://dx.doi.org/10.1038/s41598-017-14386-w
http://dx.doi.org/10.1038/s41598-017-14386-w
http://dx.doi.org/10.1109/JTEHM.2016.2616123
http://dx.doi.org/10.1186/s12984-018-0361-3
http://dx.doi.org/10.1186/s12984-018-0361-3
http://dx.doi.org/10.1097/JPO.0000000000000058
http://dx.doi.org/10.1177/0309364617728117
http://dx.doi.org/10.2340/jrm.v53.807
http://dx.doi.org/10.1097/JPO.0b013e3182515437
http://dx.doi.org/10.1109/EMBC.2012.6346318
http://dx.doi.org/10.1001/jama.2009.116
http://dx.doi.org/10.1682/JRRD.2010.09.0177
http://dx.doi.org/10.1109/TNSRE.2013.2247421
http://dx.doi.org/10.1097/JPO.0b013e3181a1d2dc
http://dx.doi.org/10.1053/apmr.2002.32737
http://dx.doi.org/10.1080/16501970410024280
http://dx.doi.org/10.2340/16501977-0361
http://dx.doi.org/10.5014/ajot.39.6.386
http://dx.doi.org/10.1016/j.apmr.2012.10.004
http://dx.doi.org/10.3109/03093641003767207
http://dx.doi.org/10.1371/journal.pone.0219333
http://dx.doi.org/10.1109/TNSRE.2015.2398112
http://dx.doi.org/10.1007/BF02443970
http://dx.doi.org/10.1186/s12984-019-0480-5
http://dx.doi.org/10.2340/16501977-1827
http://dx.doi.org/10.1371/journal.pone.0203987
http://dx.doi.org/10.1371/journal.pone.0203987
http://dx.doi.org/10.1109/JTEHM.2018.2811458
http://dx.doi.org/10.1109/JTEHM.2018.2811458


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


