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Hand prostheses are usually controlled by electromyographic (EMG) signals from the
remnant muscles of the residual limb. Most prostheses used today are controlled with
very simple techniques using only two EMG electrodes that allow to control a single
prosthetic function at a time only. Recently, modern prosthesis controllers based on
EMG classification, have become clinically available, which allow to directly access
more functions, but still in a sequential manner only. We have recently shown in
laboratory tests that a regression-based mapping from EMG signals into prosthetic
control commands allows for a simultaneous activation of two functions and an
independent control of their velocities with high reliability. Here we aimed to study how
such regression-based control performs in daily life in a two-month case study. The
performance is evaluated in functional tests and with a questionnaire at the beginning
and the end of this phase and compared with the participant’s own prosthesis,
controlled with a classical approach. Already 1 day after training of the regression model,
the participant with transradial amputation outperformed the performance achieved with
his own Michelangelo hand in two out of three functional metrics. No retraining of the
model was required during the entire study duration. During the use of the system at
home, the performance improved further and outperformed the conventional control in
all three metrics. This study demonstrates that the high fidelity of linear regression-based
prosthesis control is not restricted to a laboratory environment, but can be transferred
to daily use.

Keywords: Myolectric control, prosthesis, regression, simultaneous control, clinical evaluation

INTRODUCTION

Losing a hand has a dramatic impact to a person’s life. Myoelectric hand prostheses can reduce
the repercussions and help the person to conduct activities of daily living with less restrictions.
Conventionally, two electrodes placed on antagonistic muscles are used to control a single degree of
freedom (DOF) of the hand (Muzumdar, 2004), i.e., opening and closing the hand. Mode-switching
techniques, such as co-contraction are used control a second DOF such as a wrist rotation or other
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functions, such as different grip types sequentially, which is
cumbersome and limits the benefit of additional functions
(Amsuess et al., 2014).

To overcome the limitations, classification techniques
(Englehart and Hudgins, 2003; Oskoei and Hu, 2007; Peerdeman
et al., 2011; Scheme and Englehart, 2011; Hahne et al., 2012)
have been applied that compare the current electromyographic
(EMG) with training-patterns with known motion. The
classifier decides for the most similar class, allowing for
directly accessing all functions, although typically only in
a sequential manner. Recently, classification based control
approaches have become clinically available (Coapt-LLC, 2019;
Ottobock, 2019).

In the past years also regression algorithms have been applied
in prosthetic research (Jiang et al., 2009; Ameri et al., 2014;
Gijsberts et al., 2014; Hahne et al,, 2014). The fundamental
difference to classification is, that a regressor does not decide
for a particular motion class. Instead, a regressor estimates
activity levels for all DOFs simultaneously. This allows not
only performing two different functions at the same time but
even to control their velocity independently. Since the output
reacts to any changes of the EMG input, the user can more
easily compensate for disturbances, which increases the reliability
(Hahne et al., 2017).

The relatively high classification/regression performance
shown in laboratory conditions may not necessarily translate
into good functional recovery in real prosthetic use (Jiang et al.,
2012). Factors such as changes in arm position (Fougner et al,,
2011; Khushaba et al., 2016; Beaulieu et al., 2017), small electrode
displacements (Young et al., 2011; Hwang et al., 2017), sweat,
mechanical load to the socket (Cipriani et al., 2011), or time
between training and application of the algorithm (Amsuss et al.,
2013; Vidovic et al., 2016) can degrade the performance and lead
to an unreliable control in daily life.

Recently, we have shown a relatively high robustness of the
regression approach in five prosthetic users during advanced
clinical tests in the laboratory that involved challenging arm
positions and the application on a second day without retraining
(Hahne et al, 2018). The purpose of this eight-week case
study was to test a research prosthesis controlled by linear
regression (LR) under fully uncontrolled conditions in the daily
life and compare it with the participant’s own prosthesis with a
conventional control (CC).

METHODS
Participant

The participant of this case study was a 58-year old man, who
got his left hand amputated on trasradial level, 35 years before
this study. Since that time he has been actively using conventional
myoelectric prostheses controlled with two EMG channels. Until
approximately 12 months before the beginning of this study he
was wearing only single-DOF prostheses without rotation. Then
he was provided with an Otto Bock Michelangelo hand and
used conventional slope-control to access grasp and rotation and
co-contraction to alter between the two grip functions. He had

moderate experience with both classification- and regression-
based control approaches from earlier experiments and was
familiar with the functional tests conducted in this study. Due to
his participation in our previous laboratory study (Hahne et al,,
2018) with a similar system, he was already familiar with the
control concept and was able to generate suitable training data.
A chronologic overview on the participant’s prosthetic history
and this study is provided in Figure 1E.

Prosthesis

The research prosthesis used in this study was an Otto Bock
VariPlus Speed hand with electric wrist rotator. A customized
socket was built for the participant (inner socket high
temperature vulcanization silicone incl. eight Otto Bock 13E200
electrodes, outer socket laminated carbon fiber). It included a
customized controller, a battery pack and an easily accessible
power-switch and allowed for simultaneous and proportional
control of the two DOFs with LR.

The system and the training procedure were similar to
those described in Hahne et al. (2018). First, four suitable
phantom-limb motions were selected based on visual inspection
of the EMG (phantom flexion/extension for closing/opening,
pronation/little-finger flexion for rotation). The latter gave a
relatively strong and clear pattern and was chosen instead
supination to increase the robustness.

For the algorithmic training, data with known movement
association was recorded. Therefore, the participant was asked to
follow trapezoidal contraction profiles for all four motions (2 s
rest, 3 s ramp-up, 3 s static contraction, and 2 s ramp-down).
The entire training dataset consisted of only one repetition
of each motion in neutral arm position, corresponding to
a total of 40 s of data for training the algorithm (data in
Supplementary Material).

A linear mapping model W from the eight-dimensional EMG
envelopes x to the two-dimensional control signal  (Eq. 1) was
established by ordinary LR (Eq. 2), where X and Y are matrices
with the collected training data and labels based on the visual
cues:

y=wlx (1)

W= (XXT)_1 xyT )

Algorithmic training of the regression model was conducted
with a customized MATLAB framework on a standard PC (17,
2 x 2.5 GHz, 16 GB RAM, and Windows 7). As previously shown
(Hahne et al,, 2014), a linear regressor on EMG can estimate
simultaneous activations of two DOFs with a clinically feasible
number of electrodes, even when trained on non-combined
motions only. Following the training of the algorithm, a real-time
control of a cursor in a two-dimensional coordinate system was
established in position-control mode to verify proper control.

As in CC, the prosthesis was operated in velocity-control
mode. The stronger the participant contracted, the faster the
prosthesis moved and at relaxation, the prosthesis did not move
back. The envelope output of the active EMG electrodes could be
directly utilized without windowing or feature extraction.
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A B

FIGURE 1 | Prostheses hardware used in this study. (A) Michelangelo hand owned by the participant and used as a baseline with conventional two-channel control
in this study. (B) Research prosthesis controlled by eight channels and linear regression. (C) Components of the research prosthesis: rotation unit (upper left), outer
socket with battery holder, power-switch and strap with hook and loop fastener to adjust the fit (lower left), inner socket made from silicone with eight integrated
electrode modules (lower right), customized controller. (D) Use of the regression based prosthesis in uncontrolled conditions, in daily life. (E) Chronology of this case
report indicating prosthetic use, functional assessments (stopwatch), and adjustments period (tool icon). Michelangelo hand was used already since 12 month at the
study period and before the participant used single-DOF prostheses for around 35 years.

Michelangelo hand
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linear regression
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To suppress unintended motions and fine-tune the velocity
of the prosthesis, two thresholds were individually adjusted
for each of the four prosthetic functions that determined the
level of activation and the level for that the maximal speed
is reached. Additionally, the customized controller contained a
real-time clock and a micro-SD card that was used for continuous
recording of the EMG envelopes to allow for quantitative usage
evaluation. For the analysis, we considered only reconstructed
motions with speed larger than five percent of the maximal speed
and a duration larger than 200 ms. A motion that included a
phase with both DOFs active was counted as one multi-DOF
motion. The results of this analysis were averaged over periods
of 1 week of the home phase.

As abaseline, we compared our research prosthesis (controlled
with LR) with the Michelangelo hand owned by the participant
and used daily before this study for approximately 12 months.
It was controlled by two EMG channels on the residual flexor
and extensor muscles and a CC technique based on the
initial EMG slope (Muzumdar, 2004). Slowly increasing EMG
amplitudes would open/close the prosthesis while quickly raising
contractions would rotate the hand with a velocity proportional
to the EMG amplitude and a co-contraction was used to change
between lateral and palmar grip.

Functional and Subjective Assessment

The functional performance of the LR-controlled research-
prototype prosthesis was assessed with three standardized tests
during laboratory sessions performed at the beginning of the
study, 1 day after the training with the new system, and
at the end of the 2-month home phase. The CC-controlled

Michelangelo hand was evaluated with the same functional
tests at the beginning of the study only. Since the participant
had already used this fitting for 12 months in daily life, we
assumed that the training with this prosthesis was finished
and the performance already saturated. The functional tests
performed were the Box-And-Blocks Test (Mathiowetz et al.,
1985), the Clothespin-Relocation Test (Hussaini and Kyberd,
2017), and the Southampton Hand Assessment Procedure
(SHAP; Kyberd et al., 2009).

The Box-And-Blocks Test requires to transfer as many
wooden blocks as possible from one box into another within
60 s. The Clothespin-Relocation Test assesses the time needed
to relocate three pins (10 N grip force) of the Rolyan Graded
Pinch Exerciser from a horizontal to a vertical bar. For the
SHAP test times for a broad spectrum of activities of daily
living are measured and compared with a normative database of
young healthy people (Light et al., 2002). A SHAP-score of 100
corresponds to normal and 0 to minimal functionality.

The Box-And-Blocks Test and the Clothespin-Relocation Test
were performed ten times in each laboratory session, in order to
reduce the scatter and test for statistically significant differences
within the participant. Statistical comparisons were performed
with a Wilcoxon rank-sum test with Bonferroni correction and
a threshold of p = 0.05.

Beside the functional tests in the laboratory, we aimed to
gather information regarding the reliability in other daily life
situations, where disturbing factors that were not present in the
laboratory tests appear. Also, we were interested in the personal
opinion of the participant regarding the new control approach.
Therefore, he was asked to fill in customized questionnaires
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for the first and the last week of the home phase (one pencil
paper form covering both prostheses, not-validated). He had
to grade different aspects of the research prosthesis and his
own Michelangelo hand on a scale from 0 to 10 (questions in
Supplementary Material).

The study was conducted in accordance with the
declaration of Helsinki and was approved by the local ethic
commission (approval number 23/4/16) and written, informed
consent was obtained.

RESULTS

Summary of Home Phase

During the home phase of this study the participant was
motivated to use the LR-controlled research prosthesis as much
as possible, but he was allowed to use his own Michelangelo hand.
His previous single-DOF prosthesis was not used and he reported
to wear a prosthesis most of the time.

In the first two weeks of the home phase, problems with
the socket fitting including electrode lift offs required several
iterations of corrections (Figure 1E). Therefore, he visited our
laboratory several times and was visited by a technician once
in that time. Adding a strap adjuster system to the outer socket
finally allowed the subject to control the tightness of the socket to
ensure proper fixation and comfortable fit and to compensate for
stump volume variations.

No retraining of the regression model that transforms the
eight EMG-envelopes into control signals was required during
the entire study. Only the thresholds that were used as a post-
processing after the regression step to fine-tune the speed and
to reduce the risk of unintended activations were adjusted as
the participant experienced the sensitivity of the control as too
high in the first week at home. On day 13 all thresholds were
therefore increased by 75%, followed by corrections for the upper
thresholds for hand open and supination. These were the only
adjustments made on the controller during the home phase. After
these mechanical and parametrical adjustments, the participant
reported to be very satisfied with the control for the rest of the
study. No further laboratory visits were required during the home
phase but we called him occasionally to verify that everything
was ok. He used the LR prosthesis in any activity of daily life,
such as cooking, eating, cleaning, dressing, or fastening his shoes
(Figure 1). He further reported that the LR control was very
intuitive and that he could easily change from CC to LR. In
contrast, when changing back to CC, he always needed some time
of familiarization to the slope-control. He reported unintended
rotations with his Michelangelo hand, especially in situations
when he was in a rush and therefore generated quickly rising
EMG amplitudes; a problem that was already present before
this study. Being unsatisfied with his CC, he requested that
the rotation function to be removed from his Michelangelo
prosthesis by his prosthetist during the time of this study. We
did not modify the control of the participant’s Michelangelo hand
and no other changes beside removing the rotation were made
externally during this study.

Despite satisfaction with the control, he, however, did not
constantly wear the research prosthesis. He explained this choice
with a preferred esthetic appearance of his Michelangelo hand
over the VariPlus Speed hand and a more comfortable socket. He
did not report any injuries, blisters, muscle aches, headaches, or
similar issues related to the prostheses during the study. Overall,
he indicated that he would prefer the LR control algorithm to be
embedded in his own Michelangelo prosthesis and socket.

Data Log

The average amount of time the participant was wearing the
research prosthesis increased within the first weeks and remained
on a relatively high level between five and seven hours per day
until week four (Figure 2A). In the second half of the study
the average wear time decreased to 1-4 h per day. The wear-
time of his own Michelangelo hand was not tracked as this was
not possible with the commercial hardware, however, one can
assume that it behalves complementary to the research prothesis,
as the participant stated to wear a prothesis all day long. The
number of motions he conducted per hour while wearing the
research prosthesis was relatively high at the beginning of the
study, with approximately 100 single-DOF motions and 80 multi-
DOF motions, and decreased after the final adjustments in the
end of week 2 to approximately 70 single-DOF and less than 20
multi-DOF motions per hour (Figure 2B). The amount of single
DOF motions increased in the second half of the study to reach
120 motions per hour toward the end of the study. The multi-
DOF motions on the other hand remained low in number until
the end of the study. When considering the frequency of single
DOF motions for each DOF separately, both DOFs were almost
equally often active in the first two weeks. After week 2, however,
the use of rotation decreased to approximately 10 motions per
hour and remained at this level until the end of the study. The
number of motions in the open/close DOF did not change in the
first weeks and increased in the second half of the study from less
than 60 to 80-100 motions per hour. The duration of single-DOF
motions was shorter than multi-DOF motions and rotations were
shorter than motions of the DOF hand open/close (Figure 2C).
There is a small trend towards decreasing duration for all motions
over the time of the study.

Functional Tests

All three functional tests were performed with the participant’s
own Michelangelo hand (in beginning only) and the research
prosthesis (before and after home phase; Figure 3).

In the Box-And-Blocks Test the participant performed
significantly better with LR prototype than with CC (p < 0.05)
already before the home phase. The performance in this
test did not further improve after the home phase but
remained significantly better than CC in the second evaluation.
Performance of the Clothespin-Relocation Test with the LR
control was not significantly different with respect to CC before
the home phase. However, after the home phase, the control with
the regression-based control (LR after) improved significantly
compared to both methods prior to training. Also, while in the
initial session, one and three pins were dropped in total with CC
and LR, respectively, after the home phase no pin was dropped
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FIGURE 2 | Data log of the regression prosthesis during the home phase of the study. (A) Daily wear time, average per week. (B) Counts of single and multi-DOF
motions per hour of wear time. (C) Average duration of each individual motion. In all plots, the dashed vertical line indicates the time, when final adjustments to the

socket and the parameters were finalized.
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FIGURE 3 | Results of the functional tests. Box-And-Blocks Test (A), Clothespin-Relocation Test (B), and SHAP Test (C). All tests were conducted with the
conventionally controlled Michelangelo hand owned by the participant (CC) and the regression-based research prosthesis (LR before) in the beginning of the studly.
The regression control was evaluated a second time after the 8-week home phase (LR after). For Box-And-Blocks and Clothespin-Relocation Test 10 repetitions
were conducted each time to apply intra-subject statistics. Statistically significant differences (p < 0.05) are marked with asterisks.

with LR. In the SHAP Test the participant reached higher SHAP
score with the regression (score 53) with respect to CC (score 45)
already at the beginning of the study and further improved after
the home phase (score 62).

Subjective Assessment

At the beginning of the study, the participant graded the
reliability of the regression control higher than the one of his own
prosthesis (Figure 4A). In the end both prostheses got full scores.
This evaluation followed the longitudinal experience and final
adjustments of the socket and the threshold parameters in LR
and the deactivation of the rotation function for the Michelangelo
hand. The naturalness of the control and the perception of the
prosthesis as own hand were rated with maximal scores in the

beginning and the end for LR while CC got only moderate scores,
slightly increasing in the end (Figures 4B,C). The frequency of
dropped items during the home phase was rated higher for CC.
This score further improved with LR at the end of the study
(Figure 4D). The participant graded a moderate advantage of LR
in comparison with CC, slightly increasing at the end (Figure 4E).

DISCUSSION

We evaluated a regression-based controller for simultaneous and
proportional control of a 2-DOF prosthetic hand for 8 weeks
in daily use. The regression model was trained with data
recorded in less than 1 min and no retraining was required
during the 2 months. In the first two weeks we encountered
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FIGURE 4 | Questionnaires. The participant graded for the first and last week of the home phase the reliability (A), naturalness of control (B), to which extent he
perceived the prosthesis as his own hand (C), and the frequency of dropped or unintendedly released items (D) for both prostheses. In these metrics, LR scored
better than CC at each time point. He reported a moderate advantage of LR compared to CC (E).

some reliability issues (mainly unintended rotations), that were
fixed by modifications on the socket and final adjustments of
the thresholds. The participant was then very satisfied with
the control and did not report any further reliability issues.
The strong decrease of rotation and multi-DOF motions after
the adjustments in the second week (Figure 2B) could be an
indication that many of these motions during the first two weeks
were unintended activations.

As expected, the motion counts after week two revealed
that the hand DOF (open/close) was more important than
the wrist rotation for the participant. Hand use occurred 5
to 10 times more often than wrist rotation. Nevertheless, the
participant reported to find the rotation useful, especially due to
the simultaneous and intuitive control. The control of his own
prostheses was in contrast perceived as so unphysiological and
slow that he decided to remove the rotation there.

Multi-DOF motions were as frequent as rotations. This could
be an indication for a physiological use of the hand, where in
preparation of a grasp rotation is, e.g., combined with opening of
the hand. In this light, the longer duration of multi-DOF motions
could be explained by including the whole preparation movement
in one Multi-DOF motion. Such more natural motions are not
possible with current commercial control systems, where the user
has to activate the individual functions sequentially. After the
adjustment of the thresholds the participant reported that he did
not notice any false activations of prosthesis functions in daily
life. However, there is no final proof that all recorded multi-DOF
motions were intended by the participant of the study.

The average daily wear time of the prosthesis decreased toward
the end of the study, which could be a sign of dissatisfaction
with the control. However, at the same time, the number of grasp
motions per hour increased. Together, this could indicate that
the participant used the prosthesis especially for physically active
tasks and changed to his Michelangelo for less active phases, as he
preferred its visual appearance and the more comfortable socket.
The trend of decreased motion duration toward the end of the
study could indicate an increased confidence, i.e., a more precise
control of the velocity leading to a faster execution of the task.
It would be interesting to record also the number motions per
hour for CC and compare them with these of LR. However, this

was technically not possible in this study and could be subject of
future investigations.

It is not possible to conclude that the functional improvements
of the regression-based control between the two assessments were
only due to user learning (Hahne et al., 2017), as parameters
were changed during the home phase of the study. However,
we believe that progressive learning was indeed the main reason
for improved performance, as the increase in threshold values
that we have made would potentially, if at all, decrease the
speed of the motions.

The subjectively reported larger frequency of dropped items
in daily life with CC (Figure 4D) seems to be in contradiction
to improved reliability rating and the higher number of dropped
pins within the functional assessment of LR in the beginning.
However, the participant explained that these item drops in
daily life were not related to the control, but rather to the
geometry of the lateral grip of the Michelangelo hand. The
use of different prostheses to compare control algorithms is a
limiting factor. On the other hand, we previously compared
CC and LR with the same prosthetic hand in laboratory
conditions (Hahne et al., 2018), and found a higher performance
for LR. In the present work we decided to use the system
the participant was wearing in daily life before the study
as baseline to compare with the system he is most familiar
with. Additionally, the maximal speed of the Michelangelo
hand (325 mm/s for open/close, 25 rpm for rotation) is larger
than the VariPlus Speed hand (300 mm/s, 17 rpm). So a
potential bias due to the speed of the prosthesis would be
in favor of CC. In the direct comparison (Figure 4E), the
participant rated the advantage of the regression-controlled
research prosthesis with 8 out of 10 points. This evaluation
includes a combination of different aspects of the prosthesis,
such as controllability, socket comfort, esthetic appearance of
the prosthesis, that may confound each other. The research
socket was constructed by a professional orthopedic technician
with an inner socket of soft silicone, similar as the socket of
the participants own Michelangelo hand. However, the eight
electrode modules for the research prosthesis had to be pressed
against the skin with a certain pressure to ensure a good
contact, which made the socket less comfortable. This is a clear
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shortcoming of the study. A possible way to mediate this problem
in future experiments may be to apply small conductive inserts
(Hanson, 2008) that directly integrate into the inner socket or
prosthesis liner to improve the comfort for control approaches
that require a larger number of EMG-channels.

In (Kuiken et al., 2016) a classification-based approach was
evaluated in three participants before and after home-use. While
with their system a higher number of functions could be
controlled, it required a frequent retraining during the home
phase. Comparing the functional performance, our participant
performed better than all three participants of the classification
system in the SHAP, Box-And-Blocks, and Clothespin-Relocation
Test already before the home phase. After the home phase the
performance generally improved in both studies. Our participant
using regression still outperformed all three participants of the
classification-study in almost all metrics, emphasizing the daily-
life suitability of our system.

In conclusion, this eight-week home trial demonstrates in a
case study that a simultaneous and proportional control of two
DOFs based on LR is reliably applicable in daily life. After final
adjustments of the socket and parameters in week two, the control
was robust and the participant was highly satisfied with the
system. For this participant, the regression-controlled prosthesis
outperformed the conventionally controlled one, which the
participant used daily before this study in all functional metrics.
The regression model was trained with data recorded in less than
1 min, with no retraining of the regression model being required
over the entire study. This suggests a practical feasibility and
potential clinical relevance of the presented approach, although
tests with further prosthetic users are required to show whether a
regression is useful for a broader range of users.
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