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Abstract

Limb position is a factor that negatively affects myoelectric pattern recognition classification
accuracy. However, prior studies evaluating impact on real-time control for upper-limb amputees
have done so without a physical prosthesis on the residual limb. It remains unclear how limb
position affects real-time pattern recognition control in amputees when their residual limb is
supporting various weights. We used a virtual reality target achievement control test to evaluate the
effects of limb position and external load on real-time pattern recognition control in fourteen intact
limb subjects and six major upper limb amputee subjects. We also investigated how these effects
changed based on different control system training methods. In a static training method, subjects
kept their unloaded arm by their side with the elbow bent whereas in the dynamic training method,
subjects moved their arm throughout a workspace while supporting a load. When static training
was used, limb position significantly affected real-time control in all subjects. However, amputee
subjects were still able to adequately complete tasks in all conditions, even in untrained limb
positions. Moreover, increasing external loads decreased controller performance, albeit to a lesser
extent in amputee subjects. The effects of limb position did not change as load increased, and vice
versa. In intact limb subjects, dynamic training significantly reduced the limb position effect but
did not completely remove them. In contrast, in amputee subjects, dynamic training eliminated the
limb position effect in three out of four outcome measures. However, it did not reduce the effects
of load for either subject population. These findings suggest that results obtained from intact limb
subjects may not generalize to amputee subjects and that advanced training methods can
substantially improve controller robustness to different limb positions regardless of limb loading.

. Introduction

IN the United States, there are approximately 41,000 people living with a major upper limb

amputation, 40% of whom are transradial amputees [1], [2]. These individuals have
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difficulty performing essential activities of daily living, such as eating, grooming, and
dressing [3]-[6]. In many cases, an amputation also affects an individuals capacity to return
to employment and causes a decline in overall quality of life [7].

Myoelectric prostheses have the potential to restore the function required to regain basic
independence. Compared to body-powered prostheses, these devices provide more degrees
of freedom (DOF’s), allowing for finer control and potentially fewer compensatory
movements [8]. Nevertheless, despite decades of advancements, challenges persist in
controlling myoelectric prostheses. This remains an active area of research and several
methods have been proposed to improve control.

One such method is myoelectric pattern recognition (PR), which relies on separable and
repeatable muscle contractions. PR controllers have been validated extensively in lab
settings and are now commercially available; however, several factors impact their real-
world performance. Limb position has often been reported as one of these factors. Many
studies have shown that offline classification errors increase significantly when different
limb positions are tested [9]-[17]. Several groups have quantified the changes in detected
signals that underly these poor classification rates [18]-[20]. These results have prompted
the development of new training and control methods to mitigate the limb position effect
[11], [12], [21]-[29].

Most of these experiments only evaluated offline performance, which does not always
correlate with real-time controllability [30], [31]. To our knowledge, only two studies
evaluated the real-time effects of limb position on PR control in amputees [23], [29]. These
effects were found to be minor; however, these studies were limited because amputee
subjects completed experiments without a physical prosthesis or load on the residual limb. It
remains unclear if limb position affects real-time PR control in amputees when their residual
limb is loaded with the weight of a prosthesis.

The aim of this experiment was to determine how limb position and external load affect real-
time PR control in intact limb (ITL) and amputee (AMP) subjects and if these effects can be
reduced with advanced training protocols. Subjects trained a controller statically, with the
elbow bent at a 90° angle by their side, and dynamically, by moving the arm around their
expected workspace. They then used the controllers to control a wrist and hand in a virtual
reality (VR) environment to complete 3D Target Achievement Control (TAC) tests in four
limb positions and with three external loads.

We hypothesized that limb position will negatively affect controller performance in ITL
subjects but will not significantly affect AMP subjects when the residual limb is unloaded.
In an intact limb, forearm muscle activity changes to support the weight of the wrist and
hand in different limb positions. Furthermore, the muscles that control wrist rotation change
depending on elbow angle. As the elbow extends, the supinator receives less supination
assistance from the biceps brachii, thus altering muscle activation patterns [32]. Finally,
there are several biarticular forearm muscles (brachioradialis, pronator teres, flexor carpi
radialis, extensor carpi radialis longus, flexor carpi ulnaris, and palmaris longus) that assist
with elbow flexion [32]. In below-elbow amputees, forearm muscles are no longer attached
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to the wrist joint. Therefore, changes in muscle activity due to limb position would only be
caused by the elbow-dependent supinator and the biarticular forearm muscles supporting the
weight of the residual limb. As the residual limb is loaded, the increasing moment across the
elbow may elicit further changes in these biarticular muscles. Therefore, we also
hypothesized that the effects of limb position will be exacerbated in all subjects as the load
increases. Furthermore, we hypothesized that increasing the load would decrease controller
performance, as it has been shown to affect PR sensitivity [33]. Finally, based on previous
offline and real-time studies, we hypothesized that the dynamic training method will reduce
the effects of limb position and load and improve controller performance [11], [22], [23],
[25], [27].

[I. Methods

This experiment was approved by the Northwestern University Institutional Review Board
and all subjects gave written informed consent. We evaluated the effects of limb position,
external load, and training method on PR-based myoelectric control in fourteen subjects
with intact limbs (ages 20-29, eight male, six female) and six subjects with major upper
limb amputations (Table I).

A. Experimental Setup

1) Intact Limb Subjects: Electromyographic (EMG) signals were recorded from ITL
subjects using six pairs of equally spaced stainless-steel electrodes embedded in an armband.
Each subject wore the armband around their right forearm, with the reference electrode just
distal to the olecranon. An HTC Vive tracker was attached to the armband to track arm
movements.

To encourage isometric contractions, subjects wore a forearm orthosis that restricted hand
opening/closing and wrist flexion/extension. Orthoses that limit wrist rotation also obstruct
free movement of the upper arm, which is required for the testing protocol, so we chose not
to restrict wrist rotation. The external loads were secured to the palmar side of the orthosis
using Velcro (Fig. 1A).

2) Amputee Subjects: EMG signals were recorded from AMP subjects using six pairs
of wet electrodes equally spaced around the residual limb, avoiding regions above the radius
and ulnar. The reference electrode was placed on the lateral epicondyle. A silicone liner was
worn over the electrodes to prevent electrode shift or liftoff. Next, a lightweight frame was
secured to the residual limb with a cuff, straps, and strong magnets. An HTC Vive tracker
was attached to the cuff to track arm movements.

The external loads were placed into a box and screwed into the end of the frame. The frame
was lengthened with modular extensions to position the load where a prosthetic hand would
be. This was based on the distance from the lateral epicondyle to the middle of the hand on
the intact side (Fig. 1B).

3) Signal Acquisition and Processing: EMG signals were sampled at 1 kHz (Texas
Instruments ADS1299), amplified with a hardware gain of 2, and a software gain of 1000,
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and band-pass filtered between 70-300 Hz. Data were then processed using an embedded
System on Module (Logic PD SOMDM3730). We extracted four time-domain features
(mean absolute value, waveform length, zero crossings, and slope sign changes) and six
autoregressive coefficients from each channel using 200 ms windows in 25 ms increments.
These features were used to train a linear discriminant analysis (LDA) classifier. We
computed output velocity using previously described proportional control and velocity ramp
algorithms [34], [35]. After each processing window, the output class and velocity were
wirelessly transmitted to a desktop computer and used to control an arm in a Unity-based
virtual reality environment. The virtual arm was projected onto each subjects forearm using
the location and orientation of the HTC Vive tracker.

B. Experimental Protocol

Each subject completed two sessions corresponding to two training strategies: static and
dynamic (see descriptions of the training methods in the Section I1.B.1). The order of the
sessions was pseudo-randomized such that half of the subjects used the static training
method in the first session and the other half used the dynamic training method in the first
session. In each session, subjects used the trained controller to complete VR-based TAC
tests in four limb positions (Fig. 2) and with three loads (Table I1). To minimize the effects
of learning, subjects were given at least two practice tests before actual data were collected.
We chose limb positions that could be encountered in activities of daily living. Positions
were constrained to the sagittal plane to ensure that the loads would be supported by elbow
and shoulder flexion only and to limit experimental time.

There were two physical interpretations of the external loads, summarized in Table I1. First,
they corresponded to the average weights of different prosthesis configurations [36].
Secondly, the 400g load represented the lightest possible powered wrist and hand prosthesis,
while the 600g load represented the prosthesis grasping a small object.

1) Training Data Collection: All ITL subjects and two AMP subjects (AMP1, AMP2)
trained a 3DOF controller (hand open/close, wrist pronation/supination, wrist flexion/
extension). The other four AMP subjects trained a 2DOF controller (hand open/close, wrist
pronation/supination) because they were either naive to PR control (AMP5, AMP6) or
unable to reliably perform wrist flexion and extension (AMP3, AMP4).

For each training method, we collected five sets of data per movement class. In each set,
subjects were instructed to hold the movement for 2.5 seconds, resulting in 100 training
patterns. AMP subjects used bilateral mirroring while training so that we could verify their
movements. The training methods were as follows:

Static Subjects kept their arm by their side with the elbow at a 90° angle (Fig. 2, P1) while
holding the movement. There was no load attached. This is a common training method in
experimental settings.

Dynamic Subjects were instructed to move their arm freely around the workspace while
holding each movement. They were encouraged to cycle through each test position (P1, P2,
P4, P3 and reverse) by flexing and extending the elbow and shoulder. The 400g load,
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representing a lightweight prosthesis, was attached throughout training. This is an adaptation
of a method suggested in previous studies [22], [23], [25], [27].

2) Real-Time Testing Protocol: In each session, subjects completed a set of 3D VR
TAC tests that were based on previous work [23]. Each test comprised one trial for each
movement class (except no movement) in each limb position. The test was repeated for each
external load.

At the start of each trial, a target hand posture appeared in one of the four limb positions.
Once the subject moved their arm within 10 cm and 30° of the correct limb position, the trial
timer and myoelectric controller were activated. They then had 20 seconds to use the
controller to move their virtual hand into the correct posture and remain there for 2
consecutive seconds. Each target was 52.5° away from the starting position and had a width
of 16°, corresponding to an index of difficulty of 2.10 bits [37]. Each target could be reached
by using only one movement (hand open, wrist flexion, etc.). However, all trained DOF’s
were controllable. If a movement error was made, the subject had to use other DOFs to move
back towards the target.

3) Performance Evaluation: We quantified controller performance using the following
outcome measures:

Completion rate (CR) The percentage of trials that were successful within the allotted time
limit. The trial was considered successful if they were able to remain in the target for 2
consecutive seconds. A completion rate of 100% meant that the subject was able to reach all
targets.

Movement efficacy (ME) The percentage of movements in each trial that were made towards
the target, scaled by the proportional control output as shown in the equations below. At
each timepoint (), given the current position of the virtual hand and the position of the
target, we determined the class or classes (c;"%¢') that needed to be activated to move the

hand closer to the target. We summed the proportional control outputs (p3“/) if their
corresponding class output (c3*/) matched c/#"8¢. We then divided this value by the sum of
all proportional control outputs when the hand is not at rest (¢3! = 0) or already in the
target. This metric is an adaptation of path efficiency that considers the subjects ability to
correct previous erroneous movements [35]. A movement efficacy of 100% meant that the
subject was able to move straight to and stay in the target without activating any other DOFs.

pzut’ if cﬁ”t c cilarget

direct _
L I

0, else
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Stopping efficacy (SE) The percentage of time that the virtual hand was at rest when it was
in the target. A stopping efficacy of 100% meant that the subject was able to stop as soon as
they reached the target.

Completion time (CT) The time taken to complete each trial. For failed trials, the completion
time was set to the time limit of 20 seconds. A lower completion time meant that the subject
was able to reach the target faster.

4) Statistical Analyses: ITL and AMP data were analyzed separately. First, we
determined how limb position and load affected the outcomes of each training method. We
fit general linear models using a deviation effect coding scheme with limb position, load and
their interaction as fixed factors and subject as a random factor. For AMP subjects, we added
fixed factors for the number of trained DOFs and its interactions with limb position and
load. This was used to determine if the reduced number of DOFs for AMP3, 4, 5, and 6
significantly affected their results. We used multiway analysis of variance (ANOVA) to
quantify the statistical significance of each factor. Next, post-hoc pairwise comparisons were
performed using Tukey-Kramer tests to quantify performance changes between specific
positions and loads. Finally, to determine whether training method significantly affected our
results, we pooled data from both sessions and fit a model using limb position, load, training
method, and their interactions as fixed factors and subject as a random factor. Again, we
used multiway ANOVA to quantify the significance of each factor. All p-values were
adjusted using the Holm method to account for the number of outcome measures.

lll. RESULTS
A. Intact Limb Subjects

Mixed model results for fixed effects are presented in Table I11, in which shaded cells
indicate statistical significance. For both training methods, the interaction terms between
limb position and load were not statistically significant for any outcome measure, suggesting
that the effects were independent. Thus, we analyzed the limb position effect pooled across
all loads and vice versa (Fig. 4).

1) Static Training: Limb position significantly affected all outcome measures (p <
0.001). Depicted in Fig. 4, post-hoc results showed significant differences between almost
all positions. As expected, subjects had significantly better control in the trained position
(P1) than in all untrained positions (mean CR * standard error: 77.38 + 4.41%). P3 yielded
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the next best results (50.40 + 6.26%), while P2 (37.30 + 7.31%) and P4 (39.29 £ 6.63%)
produced similarly poor results. These trends were consistent across all outcome measures.

Increasing the external load significantly decreased performance (p < 0.001). As shown in
the pairwise comparison results in Fig. 4, completion rate, completion time, and movement
efficacy were unaffected by the 400g load, but worsened with the 600g load. Stopping
efficacy was the most sensitive to load, showing a significant decrease from 0g to 400g.

2) Dynamic Training: Based on Table I1l, limb position effects were still statistically
significant for most metrics (p < 0.014). However, dynamic training was able to significantly
reduce these effects (p < 0.001). Limb position significantly affected completion rate,
movement efficacy, and completion time, but not stopping efficacy (p = 0.361). Post-hoc
results showed fewer statistically significant comparisons than the static training method. In
particular, subjects performed equally between P1 and P3 (94.44 + 2.40%, 93.25 + 1.95%)
and between P2 and P4 (86.90 + 2.77%, 89.29 + 2.88%).

Dynamic training did not significantly reduce the effects of load on any outcome measure (p
> 0.197). Increasing the load still significantly affected all metrics negatively (o < 0.003).
Specifically, subjects generally performed significantly worse with the 600g load, but
similarly with the Og and 400g load.

Overall, the dynamic training method significantly improved control when compared to the
static training method (o < 0.001). Subjects completed 90.97 + 2.10% of all trials with the
dynamic training method, in contrast to 51.09 + 4.93% with the static training method.
Notably, the outcomes at each position from dynamic training were better than outcomes at
P1 from static training (the idealized case where training and testing were completed in the
same position). Paired t-tests showed that these differences were all statistically significant
for stopping efficacy and completion time (p < 0.042). Dynamic training also significantly
improved completion rates (p< 0.021) at P1, P3, and P4 and movement efficacy (p< 0.032)
at P1 and P3 compared to P1 from static training.

B. Amputee Subjects

Mixed model results for fixed effects are presented in Table IV, in which shaded cells
indicate statistical significance. Similar to the ITL results, all interaction terms between limb
position and load were not statistically significant, indicating that the effects were
independent. Thus, we analyzed the limb position effect pooled across all loads and vice
versa (Fig. 5).

1) Static Training: Limb position significantly affected completion rate (p = 0.004) for
all AMP subjects. Even though training only occurred in P1, subjects had similar control
performances in P1, P2, and P3 (79.62 + 8.42%, 76.85 + 8.07%, 65.28 + 12.08%). However,
performance decreased in P4 (58.33 £ 14.13%). Limb position did not significantly affect
movement efficacy (o= 0.064).

As shown in Table IV, the effects of limb position on stopping efficacy and completion time
depended on the number of trained DOFs (p < 0.007). Hence, we evaluated these metrics
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separately for the two groups of AMP subjects. For 3DOF subjects, limb position affected
the stopping efficacy and completion time at P4 (p < 0.009). For 2DOF subjects, limb
position only affected stopping efficacy (o = 0.020).

Based on Fig. 5, increasing external load tended to decrease control performance. These
changes were only statistically significant for movement efficacy (v = 0.029).

2) Dynamic Training:
Limb position only significantly affected completion time (p = 0.034). Specifically, as
shown in Fig. 5, subjects required more time to complete tasks in P4 compared to tasks in
P1. Although dynamic training was able to eliminate position effects in all but one outcome
measure, these changes were not statistically significant according to the interaction terms in
Table IV (p=0.311).

Similar to ITL results, dynamic training did not reduce the effects of load (o = 1.000).
External load significantly affected stopping efficacy (p= 0.007) but did not affect any other
metric.

According to the interaction terms in Table IV, the impact of the training method was
different for 3DOF and 2DOF subjects (p < 0.003). While dynamic training significantly
improved overall control according to all metrics for 2DOF subjects (o < 0.001), it did not
significantly affect control for 3DOF subjects (o= 0.512). However, 3DOF subjects had
good control even with the static training method; they completed 86.11 + 5.56% of all trials
with the static training method and 90.28 + 6.94% with the dynamic training method. In
contrast, 2DOF subjects completed 61.98 + 12.19% with the static training method and
83.33 + 8.02% with the dynamic training method.

Again, the outcome measures resulting from dynamic training from all positions and loads
were better or no different than the outcome measures from static training at P1 (the
idealized case where training and testing were completed in the same limb position).
However, unlike ITL subjects, these differences were not statistically significant.

IV. DISCUSSION

Previous work showed that limb position impacted offline PR classification rates in ITL
[11]-[13], [24], [38] and AMP populations [10], [39] as well as real-time outcome measures
in ITL subjects [12], [23], [24]. However, real-time limb position effects were minor in AMP
subjects when the residual limb was unloaded [23]. These effects were not well understood
and it was unknown how they would change if the residual limb was loaded. In this study,
we addressed this gap by evaluating the effects of limb position and load on real-time PR
control in ITL and AMP subjects. We also evaluated if a dynamic training method, adapted
from [22], [23], [25], [27], would be able to mitigate these effects.

We found that limb position and load independently affected control for all subjects.
Furthermore, the dynamic training method significantly improved controller performance
compared to the static training method. This was expected because the dynamic training
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method encompassed more of the test workspace and increased training data variability.
There were notable differences between each subject population.

A. Intact Limb Subjects

The results from the ITL subjects were consistent with previous findings showing that
controllers were significantly affected by limb position when trained statically. All positions
had significantly worse results compared to the position in which the controller was trained
(P1). Subjects had the most difficulty in positions where elbow stabilization required more
effort (P2 and P4). Many often commented that the controller drifted towards wrist
supination. This was likely caused by increased activity in the brachioradialis, which assists
with elbow flexion and also controls forearm pronation/supination. Although several other
forearm muscles help with elbow flexion, the brachioradialis provides the most assistance. It
is also more superficial and just distal to the elbow, close to where the electrodes were
located. In extended elbow positions, this drift may have also been caused by changes in
supinator activity. The drift was less noticeable in the dynamic sessions, suggesting that
moving the arm throughout the workspace during training accounted for the changes in
brachioradialis and supinator activity due to elbow flexion.

Even though dynamic training significantly improved results, limb position still impacted
control, albeit in a less substantial way. Specifically, the completion rate range between limb
positions in the static session was 40.08%, while the range from the dynamic session was
7.54%. Therefore, although it was not eliminated, the limb position effect was reduced
significantly when the controllers were trained dynamically.

Notably, stopping efficacy was not affected by limb position after dynamic training. Previous
work found that external loads increased baseline muscle activity and affected the
classification of no movement [33]. By training with a load and with arm movements, we
increased the threshold of the no movement class and reduced the likelihood of triggering
unwanted movements in all limb positions.

B. Amputee Subjects

The results from the AMP subjects did not reiterate all the trends seen in ITL subjects or
previous studies with offline analyses. P4 was the only limb position that significantly
diminished controller performance, as opposed to P2, P3, and P4 in ITL subjects. AMP
subjects were able to complete 58.33% of the trials in P4 in the static session. Although this
was the worst completion rate for AMP subjects, it was still better than ITL subject
performance in P2, P3, and P4 (Section I11.A.1). Similar differences between subject
populations were observed during offline prediction of kinematics [40]. These findings may
be explained by the anatomical differences described in the introduction and the cited work.
Unlike in ITL subjects, forearm muscles in AMP subjects were only affected by elbow joint
moments. When the elbow was extended straight out (P4), the moment across it was
maximized. This, in turn, influenced activation patterns that involved the brachioradialis and
the supinator, thus reducing controllability. These changes may have been more extreme in
ITL subjects because they also had to support wrist moments created by the weight of an
intact hand.
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Dynamic training eliminated all the effects of P4 for all metrics except completion time.
Although we instructed subjects to flex and extend their elbow and shoulder during the
dynamic training method, we did not enforce strict movements. Consequently, subjects had a
tendency to stay within more comfortable positions during training and avoided
straightening their arm out (P4). In the future, a more controlled training protocol that
requires subjects to keep their arm straight out could be imposed. Alternatively, users could
be instructed on how to compensate for residual limb loading by calibrating in the regions
that are important for prosthesis usage (e.g. prosthesis guided recalibration [41]. We believe
that these training methods would be sufficient to mitigate the effects of limb position.

Although there was a performance decrease as load increased, these changes were, for the
most part, not statistically significant. Many of these subjects were consistent prosthesis-
users and were therefore accustomed to supporting loads on their residual limb. However,
given that we tested only three loads, more research is required to determine precisely how
limb loading can impact performance as weights increase.

C. Limitations

One of the major limitations of this study was the influence of muscle fatigue. Although we
allowed subjects to take frequent breaks, many remarked that the weight began to feel
heavier over time. As fatigue set in, subjects had difficulty keeping their arm in the correct
limb position, thus affecting test metrics such as completion rate and time. Therefore,
changes in these metrics may not solely have been caused by changes in myoelectric control
performance. Fatigue may have also affected the repeatability of control signals, which
would have been apparent in the movement and stopping efficacy metrics.

Although we found statistical significance in some results, we do not know how this
correlates to clinical or functional significance. The TAC test requires a level of precision
that may be more than what is necessary for prosthesis usage in many tasks. For example,
the virtual hand needs to stop halfway between opening and closing, which may be
necessary when grasping a delicate object, but not required for many other objects. Hence,
statistically significant effects on TAC test metrics may not be clinically significant. Future
work should extend this work to include functional tests that are more clinically applicable.

Furthermore, we only had six AMP subjects. There was a wide range of skill levels; some
subjects had participated in many previous experiments while others had never used PR
before. With the small sample size and large variance, AMP subject data had lower
statistical power than ITL subject data. This may explain the statistical differences between
AMP and ITL subjects. However, as previously mentioned, statistical significance does not
imply clinical significance.

Four AMP subjects used a 2DOF controller while all other subjects used a 3DOF controller.
We found that this significantly impacted the limb position effect on stopping efficacy and
completion time. With more decision boundaries, the 3DOF controller may have been more
susceptible to misclassifications. This may have been exacerbated by limb position and load,
resulting in bigger effects. Subjects who used the 2DOF controller also had fewer trials and
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may have experienced less fatigue. Nonetheless, the limb position effect in both AMP
groups were still different from that in ITL groups.

Our conclusions were also limited by the number of limb positions and loads that were
tested. By constraining the limb positions to the sagittal plane, we isolated the effects of
shoulder and elbow flexion/extension on controller performance. However, control may also
be affected by limb positions that require abduction/adduction, humeral rotation, and other
DOFs. Furthermore, we chose to limit our heaviest load to 600g to prevent fatigue. In reality,
individuals may use heavier prostheses or carry larger objects. Although we did not find any
significant interactions between limb position and load, this result may not hold with
different limb positions and heavier loads.

Since we only used PR-based controllers, we may not be able to generalize our conclusions
to other myoelectric controllers. However, our AMP subject results were consistent with the
results from studies with regression-based controllers [21], [42]. Specifically, both studies
found that real-time control in AMP subjects was mainly affected by the arm out position
(P4). Our load effects were larger than the effects on a musculoskeletal model-based
controller [43]. However, they did not include wrist rotation, which was the most affected
DOF in our study.

Finally, our electrode and load-bearing setup was not representative of a typical socket with
embedded dry electrodes. With a clinically prescribed socket, different limb positions and
loads may cause electrode shift or liftoff. Even though it may not have accurately reflected
real-world conditions, we chose to use our setup so that we could isolate the physiological
effects of limb position and load. Although ITL subjects used dry electrodes, we ensured
that the armbands were worn tightly and that the electrodes did not shift throughout the
experiment.

V. CONCLUSION

In this study, we evaluated the effects of limb position, load, and training method on real-
time pattern recognition control in intact limb and amputee subjects. We showed that limb
position and load significantly and independently affect controller performance when static
training is used. However, these effects are different in AMP subjects and ITL subjects and
may not be as pronounced as previous offline results have shown. This highlights the
importance of testing controllers in real-time with their intended end user. We also showed
that increasing external loads diminishes controllability, although these changes may not be
statistically significant in AMP subjects. Finally, dynamic training reduces the effects of
limb position but not load and substantially improves overall controller performance. In the
future, the dynamic training method should be adapted to require more training with the arm
straight out, since this was found to be the most problematic position.
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A- Load Armband B

HTC Vive Tracker
Frame Extension

B

Load

HTC Vive Tracker Orthosis Embedded Controller Frame

Fig. 1.
A: Palmar (top) and dorsal (bottom) view of the intact limb subject setup. The armband

housed electrodes and an embedded controller that acquired and classified EMG signals.
The orthosis was used to restrict wrist flexion/extension and hand opening/closing. Loads
were attached to the orthosis. B: Dorsal view of the amputee subject setup. Wet electrodes
were secured under a liner and signals were classified by an embedded controller. We used a
frame to hold the tracker and loads, which were positioned where a prosthetic hand would be
using frame extensions. The embedded controller was strapped to the upper arm and was not
connected to the load-bearing frame. Both: The HTC Vive tracker tracked limb position.
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Fig. 2.
Limb positions used during testing protocol.
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Fig. 3.

Example of a TAC test trial from the subjects view in the VR headset. In this trial, the user
had to straighten their arm out (P4) and move the blue hand into the red target hand using
wrist flexion (left). When the blue and red hands matched, the arm turned green (right).
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Fig. 4.

Intact limb subject results. Limb position (left) and load (right) significantly and
independently affected controller performance regardless of training method. Dynamic
training significantly mitigated limb position effects (and eliminated these effects in
stopping efficacy), but did not reduce load effects. Overall, dynamic training significantly
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Fig. 5.
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Amputee subjects results. When the controller was trained statically, limb position (left)
significantly affected completion rate for all amputee subjects. Limb position affected
completion time and stopping efficacy for subjects who used a 3DOF controller, and
affected stopping efficacy for subjects who used a 2DOF controller. There were fewer
differences between positions than in intact limb subjects. When dynamic training was used,
limb position only affected the completion time of P4. Although dynamic training reduced
limb position effects, this change was not statistically significant. Increasing the load (right)
significantly decreased movement efficacy and stopping efficacy. Overall, training

dynamically significantly improved controller performance.
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Table Il

External Loads Used During Testing Protocol and Their Real-World Representations

Prosthesis Configuration

Load (g) Prosthesis-object Combination
Wrist Hand
0 None None None
400 Passive Powered Prosthesis
600 Powered Powered Prosthesis + 200g
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