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Abstract

Background

Pattern recognition control of prosthetic hands take inputs from one @& mgoelectric sensors an
controls one or more degrees of freedom. However, most systemsccatiate only sequential
control of one motion class at a time. Additionally, only recently have reeess@emonstrated
proportional myoelectric control in such systems, an option that is believadke fine control
easier for the user. Recent developments suggest improved reliabilityug#ndollows a so-called
prosthesis guided training (PGT) scheme.

Methods

In this study, a system for simultaneous proportional myoelectric contsdbéan developed for a
hand prosthesis with two motor functions (hand open/close, and wrigsppiration). The
prosthesis has been used with a prosthesis socket equivalent defsignermally-limbed subjects.
An extended version of PGT was developed for use with proportiomdf@o The control system’s
performance was tested for two subjects in the Clothespin Relocation TdskeaSouthampton
Hand Assessment Procedure (SHAP). Simultaneous proportionabbaats compared with three
other control strategies implemented on the same prosthesis: mutex propgaiotinal (the same
system but with simultaneous control disabled), mutex on-off control, andra traditional,
sequential proportional control system with co-contractions for statelsng.

Results

The practical tests indicate that the simultaneous proportional controlgstiate the two
mutex-based pattern recognition strategies performed equally well, aad@ipto the more
traditional sequential strategy according to the chosen outcome measures.




Conclusions

This is the first simultaneous proportional myoelectric control system denatedion a prosthesis
affixed to the forearm of a subject. The study illustrates that PGT is a pragrigsiem training
method for proportional control. Due to the limited number of subjects in this shudgefinite
conclusions can be drawn.
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Background

Since the 1950’s, proportional control has been a popular topic iramgsen powered upper limb
prostheses. Through a review of this research [1] it was reveal¢dntthods for system training,
both the choice of method and the composition of the training data set, neeekr frgsiearch in order
to achieve acceptable results with proportional myoelectric control. Riopal control is currently
available as an option from all manufacturers of commercial myoelectrich@®ss, but not yet for
simultaneougontrol of multiple motor functions.

Proportional control allows for small, precise movements as well as rapadse movements. This
can be a useful property for a prosthesis system, and it is hypothebiei will be useful also for

multifunction prostheses. Itis also hypothesized that proportional devittenhance the user’s control
ability significantly because a continuous relationship between musculalactotrs and prosthesis
response will allow for more rapid and high-fidelity corrections of movem#rds deviate from the

user's motor intent.

The conventional method for proportional control of multifunction myoelegtrostheses isequential
control, with detection of co-contractions of antagonist muscles for switching legtfenctions [1,2].

Some authors have studied the estimation of multiple forces/torques or positgles/avith the inten-
tion of using the estimates as simultaneous proportional control setpoings) fartthese methods have
not been implemented in actual multifunction prostheses [1,3-8].

Historically, testing of pattern recognition systems has relied on the publicdtmercentage scores of
success. This is not a sufficient metric for the utility of pattern recognitioredh prostheses. More
recently, some research groups have begun to use scores for simadétaies [9,10]. However,
since the motion of the prosthesis and socket has an adverse effeet mydlelectric signals [11-14],
abstract trials are not sufficient for testing the practicality of a patteiwgrétion scheme. Tests based
on activities that represent real use are more useful. Critically, the eludithe appropriate test is
important and an initiative by a body of professionals (ULPOM - Upper Limiisfetics Outcome
Measures group) [15] has used the WHO-ICF model to define the dowiadoesnpetence for different
tests and identified those tests with sufficient psychometric properties to raileagsessments of
prosthesis function [16,17].

This paper presents a novel method for simultaneous proportional tohtieo motor functions. It
has been adapted to a commercially available prosthesis hand and wrist. rdtasystem training
method was developed basedprasthesis guided training18,19], extended to be used for proportional
control. Using the WHO-ICF model, assessment methods were chosenriortastly-limbed subjects



with practical tasks in the Function and Activity domain. In order to do thatoatpesis socket for
normally-limbed subjects was designed specifically for the chosen systamdrenethod.

Systematic testing of four control schemes has been performed. Thiseésctuttaditional control
method (sequential control, where switching is performed by co-contrejtia modern pattern recog-
nition system with mutex on-off control, and a method for mutex proportiornarob

Methods
Test subjects

As described in the “Control system assessment in the function and acdlivitgins” section, the data
collection for assessment of all four control strategies was a time-conguyrogess lasting for several
weeks per subject. The study was conducted with two normally-limbed subjectsler to demonstrate
the viability of the system before involving prosthesis users.

Both subjects were right-handed males, age 27 and 30 years. Neithersffifects had any previous
experience with using a prosthesis, but both were familiar with electromgbgend prosthesis control
technology in general and the research project in particular.

The experimental protocol was approved by the Regional Ethical Comm2@d@/(1754/REK midt).

Sensors and actuators

Wireless Trigno electrodes (Delsys Inc., Boston, MA, USA) were usedédcording of electromyo-
graphic (EMG) signals [20]. These are bipolar with an inter-electrodarnts of 10 mm.

The prosthesis consisted of a Motion Control Hand with a brushless DC mgtionpand a Motion
Control Wrist Rotator (Motion Control Inc., Salt Lake City, UT, USA). Tim@sthesis was covered with
a silicone glove.

The control system was implemented on a computer using LabView, MatlabMaticsmal Instruments
wireless data aquisition (DAQ) module.

Socket design

The socket and the electrode placements are shown in Figure 1. Thkegsissocket was designed
for normally-limbed subjects, inspired by previous designs by Kyber{l a8l Bouwsema [22], and
adjusted to the use of proportional myoelectric control of multiple motor fungtibnorder to simulate
an amputation and achieve approximate isometric contractions, the prostw&swas fit around the
subject’'s arm, wrist and hand while the hand was gripping a plastic cyliddsttong and stiff socket
material (Otto Bock 617H21 Orthocryl Sealing Resin with 617P37 Hardeaeder) was used to lock
the subject’s wrist and hand. Two cut-outs were made for electrode Jitessocket was split along
ulna and radius and the edges were reinforced with fiberglass. Staitdesplates were laminated into
the socket in suitable positions and used as fixing points for the grippingleyland for the prosthesis.

Figure 1 Socket design and electrode placements demonstrated one of the subjects (lateral,
medial, top and bottom view, respectively).

A similar socket design has previously been demonstrated by Simon [28iséomwith higher-level



prostheses (upper arm or shoulder level). Their design may havecedfoear-isometric contractions,
although this was not mentioned or highlighted by the authors.

The prosthesis was fit on a hollow plastic cylinder fixed to the lateral sideecfabket with hinged pipe

supports. The prosthesis was placed approximately 18 centimeters dise@htrthal hand in order to

be able to pick up small objects from a table, as well as having the prostisbls Yo the subject, since

this was found to be important in the practical testing (described in the “Caystém assessment in
the function and activity domains” section).

Electrode placement and EMG preprocessing

Five EMG electrodes were used in this study; three on the lateral side anohntithe medial side, as
shown in Figure 1. The electrodes were placed on:

1. m. abductor pollicis longus

2. mm. extensor digitorum & extensor digiti minimi

3. mm. extensor carpi radialis longus & brevis

4. mm. flexor carpi radialis & flexor digitorum superficialis
5

. . pronator teres

The locations were initially found by palpation and confirmed by performimgreations while looking
at the EMG signals. Electrodes were fixed using a 4-slot double-sideesaeé skin interface from
Delsys. For one of the control methods, only a subset of the electroelesused (see the “Sequential
proportional control” section).

EMG signals were sampled at 2 kHz and segmented to 100ms windows, whiearial et al. has
been reported to be the optimal window length for multifunction prosthesés f24et of four EMG
features were extracted: Average amplitude value (AAV), zero crgs$C), waveform length (WL) —
these three are all part of Hudgins’ feature set [25] — and myopulsepgge rate (MYOP) [26,27]. A
myopulse output is defined as 1 when the absolute value of the EMG sigresds<a treshold value (set
to 0.009 V for Trigno electrodes with standard settings), and as 0 otheMié@P is the average value
of the myopulse output. This feature was found to perform well in pilot stualel was thus included in
the feature set. One of the control methods did not use these featurabhdsSequential proportional
control” section).

Intent interpretation and activation profiles
Simultaneous proportional control

Figure 2 shows an overview of the control structure used for simultangaportional control. Fol-
lowing the same order: The mapping function is linear and the collection of tgpdata is described
in the “Proportional prosthesis guided training” section. The linear mapipifigund by minimizing
the root-mean-square error of the estimate for the training data set. Aftgrimgaghere is one stage
of nonlinear filtering (the filter design is indicated in the figure), supprgssist and small-amplitude
variations of input to the prosthesis motors. This smoothens the estimate agiolytheduces wear and
tear on the motors. The nonlinearity is definedyby: |z|tanh(kz) and is basically a smooth approxi-
mation of a dead-band. Pilot studies showed that this filter works better thardizmary low-pass filter



for flutter suppression, by applying heavy smoothing to low-amplitude siggwions while still being

transparent to fast variations of significant amplitude. The rationalegidopming the flutter rejection

on the channel specific features (F) instead of the more abstract ra&v@MMG features (x) is that F
contains the quantities that determine the activation of the different motaidusc Hence, it reduces
the flutter here directly, and it predictably influences the smoothness obttieotas observed by the
user.

Figure 2 Control system structure for simultaneous proportiond control. Left: Model and tax-
onomy for the prosthesis control problem [Right: Control system structure for simultaneous pro-
portional control. The EMG features used are Average amplitude vald¥)(A&ero crossings (ZC),
waveform length (WL) and myopulse (MYOP). In the “gain and threshalpistments” block, the
two axes are spanned by the preliminary activation levels, and the colectédrs represent the fol-
lowing: a) Red inner circle: No motion. b) Green sections: Pronation/stipmanly. c) Blue sec-
tions: Open/close only. d) White sections: Pronation/supination and opse/dimnultaneously. The
“Simultaneous proportional control” section of the paper follows the satiplerder of this figure.

For the next stage, “Gain and threshold adjustments”, the figure shoasaid spanned by the pre-
liminary activation levels. The colored areas of this domain will correspondadatowing motor
functions:

e Prosthesis at rest (within the red inner circle).

¢ Single motor function (green and blue areas; chosen by setting the aefjieiagl their bound-
aries, hereby called “threshold angles”).

e Simultaneous motor functions with fixed ratio co-activation (white areas).

Threshold angles were individually and manually adjusted at the startcbf regording session, to
values permitting the user to intentionally and predictably visit all sectors. Ipithgent data they
were in the range 18-25 degrees. Gains were adjusted so that the 8ibf#e to reach the maximum
motor function activation in all directions by doing maximum voluntary contrastidrhe adjustment
procedure took approximately five minutes. The precise parameter vadwesiat recorded.

Limiting the options to single motor function activation or simultaneous fixed-ratiactivation makes
the prosthesis behave more predictably. This was found to be cruciayduitial trials.

The activation profile [1] is generated by using two sigmoid functions on fagmoh other (as illus-
trated in Figure 2). This makes it easier to achieve a low speed/low forgeréaision tasks and a
high speed/high force for other tasks. Thus, the system is a hybrid &etwealti-level controland
proportional control The activation profile is applied to each of the components ofihe. signals.
Although two distinct activation levels dominate it is still possible to achieve alldege it is referred

to asproportional controlas defined by Fougner [1, see Definition 1 on p. 663, and Fig. two on p.
666]. The amount of time spent at each activation level and in each sddtoe “gain and threshold
adjustments” block was not recorded.

The system training method is explained in the “Proportional prosthesisdjtralaing” section.

Mutex proportional control

This system is almost identical to the previous system (Section “Simultaneopsrpjonal control”);
the only difference is that simultaneous motions are disabled by setting theHthdeangles” to 45



degrees. This is similar to using an LDA classifier and a speed/force estimataralhel, as proposed
by Hudgins [25].

Mutex on-off control
Five motion classes (C1-C5) were used, as shown in Figure 3. The EM@&¢ set was classified using

linear discriminant analysis (LDA) and the prosthesis output was set tod0f&ximum speed/force
for all motions (i.e. C1-C4).

Figure 3 Motion classes used in mutex on-off control.

Generally, the training method involved one second of preparation (dosgdhtraction) and two
seconds of sampling (keeping the contraction) for each motion class. douitral trials, PGT was
evaluated for mutex on-off control. However, it was unsuccessftdlbge the subjects were supposed to
keep the contraction for two seconds, but the prosthesis stopped edghting the end point after less
than 0.5 seconds (already before recording anything). Thussgteged training (drawings displayed
on the computer screen to guide the subject through a sequence of motisesglavas preferred by
everyone testing the system and was used for the LDA classifier in all edsted in the paper.

Each motion class was trained in three limb positions (P1-P3), as shown ie Bigaositions P1 and P2
were chosen because it has been shown that it is important to train thel eystem in a variety of limb
positions, especially one with flexed elbow and one with extended elbow PIjtion P3 was chosen
because it appeared during the pilot study thatwheer pouringtask of SHAP (see the “Southampton
hand assessment procedure (SHAP)” section) was very difficulrforpewithout training in that limb
position.

Figure 4 Limb positions used in system training for simultaneous propdional control, mutex
proportional control and mutex on-off control. Inspired by A. Loomis’ drawings [28].

Sequential proportional control

As this was a simulation of conventional control of a prosthetic hand, the twedlrigno electrodes

chosen were; electrodes 2 (finger extensors) and 4 (wrist and flegers) shown in Figure 1. Asin a
conventional system [2], the raw EMG signals were rectified and low-iltered, i.e. the EMG features
described in the “Electrode placement and EMG preprocessing” secéoa ot used. A differential

signal based on the two electrodes was used to control either the hanelwrish Co-contractions

of antagonistic muscles were detected for switching between the two modesn thh sum of the

signals was below some threshold, the prosthesis did not move. As with mamyescial systems, the
prosthesis defaulted to the ‘hand control’ state at the start of each test.

Proportional prosthesis guided training

The concept of prosthesis guided training has been demonstrated for prafortional control by
Simon and Lock [18,19]. The procedure was a fixed program (i.e. flaemced by EMG or other user
input) demonstrating the intended motions to the subject, and the user wastetstauperform what
(s)he perceived as corresponding contractions with muscles in thietexstrmb. A similar method for
proportional control was developed in the present study. The maineiffe from previous efforts was
that the prosthesis demonstrated continuously varied mechanical pregentjespeed or force) instead
of a static contraction. Each motor function was trained separately in fite @F&E), as shown in
Figure 5.



Figure 5 System training set used for simultaneous proportional catrol. The upper plot shows the
open/close motor, and the lower plot shows the wrist rotator. Some parts wathing procedure were
discarded, as indicated by the boolean variable in the middle plot. The halode@) and prosthesis
(white) sketches illustrate how each phase of the training was perfornaeth. reotion is repeated four
times, as indicated in the figure (“Demo” and Position 1-3; see Figure 3)reTdre four comments
indicated in the figure: (1) “Negative” voltage is needed to open the mtisthand between each
repetition (closing). (2) “Positive” voltage is needed to close the prosthatid between each repetition
(opening). (3) First repetition of each activity is a demonstration for tigestiand is thus discarded
from the recorded data set. (4) After each motor voltage step, onedsefdhe recorded data set is
discarded.

For training of hand closing, a rubber ball was placed in the palm of th&tlpesis while the hand was
closing. The subject observed the compression of the rubber balliadddrcopy the force by using
the finger flexors and/or wrist flexors. The motor voltage varied lineanipnfzero to 60% of maximum
force of the prosthesis, i.e. a triangular shape of the motor voltage. Inettiephase, hand opening
was trained in a similar way. The force was inferred from the opposite hantdgripped around the
prosthesis while it opened.

During initial trials, hand closing was felt by letting the prosthesis grab thgstdbcontralateral fore-
arm instead of the rubber ball, thereby offering direct feedback to ubgest. However, this could
sometimes be painful, and it was found that grabbing a soft rubber ballnneae comfortable and
practical, especially when training in multiple limb positions. The visual feedibft¢ke ball being

squeezed, along with the sound of the prosthesis motors, was found tdfibgest feedback to the
subject.

Wrist rotations were trained by observing speed instead of forcedir ¢t make it easier to distinguish
the speeds, three distinct values were used; high, medium and low Spgeedubjects were instructed
to simulate the wrist rotation by only using forearm muscles, i.e. not compegsutimthe shoulder.

The first four phases of the training were performed four times eaahfift contraction of each phase
was only for demonstration purposes and was thus not recorded. renttagning three contractions, the
subject was told to keep the arm in the three limb positions (P1-P3) describéglire 4. It has been
demonstrated that this can be useful both for mutex on-off control fié8i@ simultaneous proportional
control [4]. In the final part, the prosthesis was at rest and the subgectold to let the hand stay relaxed
while moving it to the same limb positions.

The total time required for recording the training data set was approximatelyrfinutes, including
short breaks between the five parts of the training.

Control system assessment in the function and activity domains

In order to assess the performance of the control systems, the sulgecisred five sessions of test
procedures. Within each session, the order of the four control systamsandomized. One session for
one control system lasts for 1-2 hours, so the total recording time forsedgject was approximately

20-40 hours (during a period of 3—4 weeks).

The following two assessment procedures were used:



Clothespin relocation task

The clothespin relocation task originally is a user training method that has nuanetisebeen adopted
by researchers at the Rehabilitation Institute of Chicago [29-31] fossesament method. It was chosen
in this study because it demonstrates a prosthesis system’s ability to handkevehtas at least two
motor functions (e.g. hand open/close and wrist pro-/supination) adeded his test was adopted for
the present study. No detailed procedure has yet been published teathén Chicago, and therefore
efforts were made to further standardize the task for future use.

Using anOriginal Rolyan Graded Pinch Exerciserith thered (2 Ibs resistance) clothespins, as shown
in Figure 6, and a timer from the SHAP kit, the following tasks are timed:

e Up: Standing in front of the pinch exerciser, with the arm and prosthesisitgdgwn and the
elbow extended, measure the time to move three red clothespins from thiteengdgeft, middle
and right) on the middle horizontal bar to anywhere on the vertical bar.cltteespins on the
horizontal bar are angled approximately 45 degrees upwards, as shdvigure 6. The three
clothespins are timed individually.

e Down: Standing in front of the pinch exerciser, with the arm and prosthesisidgwn and the
elbow extended, measure the time to move three red clothespins from thiteengd$sop, middle
and bottom) on the vertical bar to anywhere on the middle horizontal barcldtiespins on the
vertical bar are angled approximately 45 degrees towards the hand tehgstested (i.e. the
right hand), as shown in Figure 6.

Figure 6 Equipment used for performance evaluation in the functionand activity domains. Left:
The Original Rolyan Graded Pinch Exerciser with red clothesgight: The SHAP kit.

Timing is performed by the subject. The subject starts the timer with the unrestriateldaina then
starts moving the prosthesis. The subject stops the timer when the clothespiedmereleased in place.
If a clothespin is dropped, restart the timer and the task, but recorditheefeunsuccessful attempt).
The failed attempts are not taken into account (e.g. as a penalty time), baréhegported along with
the Results.

The equipment is placed on a table horizontally aligned with the subject’s hipssibject is told to
keep the feet stationary. Compensatory body movements are permittedg @s lthre subject is able to
stand without moving the feet.

The trial consists of blocks of moving three clothespins up and down, fives fimeach session.

Southampton hand assessment procedure (SHAP)

SHAP is a clinically validated test of hand function and consists of manipulatiod® abstract objects
(e.g., moving a sphere or a cylinder) and 14 activities of daily living (e.dgngua doorhandle or a
Zipper, or pouring water). The kit is shown in Figure 6 and is placed oble kerizontally aligned with

the subject’s hips. Body movements are not restricted. See [32-34]domalete description of the
procedure.

Each task is self timed and the functional score is based on the task completiondiatwze to a
normal population. The overall score is out of 100% for the normal adiom. Scores below 95 %
imply impairment. The score has been shown to reflect the hand design aswed control format of



the hand. As the subject, the prosthesis and the prosthesis socket rémeasasne, the score reflects
the ease with which the prosthesis is controlled and can thus be used to edimpaarious control
schemes.

SHAP was always performed after the Clothespin Relocation task.

Results

The results from th€lothespin Relocation taskre presented in Figure 7 for both subjects, and results
from SHAPare presented in Figure 8. It can be observed that the conventiomadrael control method

is inferior to the three other methods for these subjects. No significantatitfes can be found among
the other methods, and no significant differences are found in the nwhfzgled attempts.

Figure 7 Results for the Clothespin Relocation task. Two normally limbed subjects were used. The
top charts show results from the Clothespin Relocation Task, where the fmeseats average time for
moving a clothespin up and down (shorter time is better). The error baws thieostandard deviation
within the session. The bottom charts shows the number of failures/drappesirecorded during each
session.

Figure 8 Results from SHAP. Two normally limbed subjects were used. The top charts show the
SHAP scores, where a higher score is better (100 is the score of thialnpopulation). The bottom
charts show the number of failures/dropped items recorded during essioss.

For theClothespin Relocation taskhe results were stable after two to three sessions. This indicates
that the subjects had learned both the prosthesis behavior in conjunctiothisitiask, and the task
itself, for all four control systems. Subject 1 stabilized at an averagwlmiion time of 30-35 seconds

for sequential proportional control and 10-15 seconds for the systems. Subject 2 stabilized on
an average completion time of approximately 20 seconds for sequentiarpomal control and 13-17
seconds for the other systems.

The standard deviation was significantly higher for sequential propaitwontrol than for the other
systems. Subject 1 had an increased completion time for sequential propbanmtrol in the last

session (from 30 to 36 seconds), but this increase was smaller thanntarstaeviation (12 seconds)
and can thus be ignored.

It was observed that when using sequential proportional contrgeasifrequently usedompensatory
movementésuch as moving the upper body and using the shoulder joint) instead ofetason during
the Clothespin Relocation task.

Regarding th&SHAPscores, they are not completely stabilized even after the five sessiandedan
this study; so we cannot determine if the subjects have yet completely Igarhaddle the prosthesis,
or the test procedure itself. Nevertheless, the results are consistemsirite that both subjects initially
perform at approximately 20—-40% and reach a level of up to 60-70% ilasheession. Overall the
scores are lower for sequential proportional control than for ther titihee systems.

Discussion

The prosthesis socket developed for normally-limbed suljgettion “Socket design”) in this study
cannot replace the need for testing on prosthesis users, but it isw toséffor practical tests of pros-
thesis control systems. Since the socket locks all the joints of the subjeret&in, hand and fingers, the



muscle contractions are approximately isometric. Practical tests, using tket 86th a prosthesis, are
likely to be more relevant than reports of offline classification (or estimatioo) eates on pre-recorded
signals from the laboratory, as demonstrated by Hargrove [10] angieo(l3]. The 18-centimeter ex-
tension distally past the hand is a large extension and would have bederpatic if SHAP contained

tasks such as eating or drinking. However, the added length is not lzktiewe crucial during SHAP

and the Clothespin Relocation task. Similar extensions have been usediouprstudies [21,22].

The use of pattern recognition relies on the computer system learning thenpatfeactivation of the
muscles to control the hand. These patterns may not be stable in the slooig ¢erm, and this can be
the reason for several unsuccessful attempts to create a practicah patiggnition system. The intro-
duction of prosthesis guided training (PGT) [18] is the single largestitomitvn to the development of
a practical control system based on pattern recognition, since it may akogralsthesis user to re-train
a system whenever it does not work satisfactorily. Regarding the staHilihegatterns used in this
study, it was not measured quantitatively, but no descrease in perfoemeas apparent during each
1-2 hour recording session. PGT was further developed in the presetly for use with simultaneous
proportional control. The use of a rubber ball (or other tools) endahkeprosthesis user to observe the
force applied by the prosthesis when closing or opening, rather thaokjsstving the speed. This may
be important for proportional control.

For practical reasons, only speed was observed while training wtegtao. It was found impossible
to know whether the motor was told to apply a large or medium force, since the stops whenever

it meets resistance in order to save battery power. To observe andiszogtational speed was also
difficult, so it was chosen to use three distinct values. For these reaswhisecause the reported method
was quite time-consuming (approximately five minutes), further developmedviiseal.

This study has demonstrated a proportional version of PGT, using consilyuvaried contractions
for training of proportional control. Although the linear mapping functioreslmot require training
at all contraction levels, we believe that a graded contraction may be mioustrthan fixed-ration
contractions since it contains a larger variation in user effort. This is similadtbng more limb
positions, dynamic movements or electrode shifts to a training set. Future sshdigsl compare the
use of fixed-ratio and graded contractions in PGT.

For practical reasons, screen-guided training (SGT) was used fraxron-off control in the present
study. The essential difference between this method and PGT in the casgte on-off control is
that PGT allows re-traing of the prosthesis in the field. We therefore betimatethere would be no
significant difference between the results produced by the two methods @oitiext of this study.

A simultaneous proportional myoelectric control systers developed for multifunction prostheses
(Section “Simultaneous proportional control”). Due to the low humber ofesit®involved in the study,
conclusions cannot be drawn about the overall performance of thisrmy Even so, the results indi-
cate that the three modern systems (simultaneous proportional control, mopaxtipnal control and
mutex on-off control) may all be superior to the conventional, sequentigigptional control system in
practical use. This can reflect differences in Breprocessing layefe.g. the extracted feature set and
the number of electrodes) or tihaent interpretation layefthe sequential control itself) of the control
system [1, see Fig. one on p. 667].

Subject 1 had a much larger difference between proportional sequemtiaol and the other control
strategies than did Subject 2 in both the Clothespin Relocation Task and thE. SH&Ir comments
have been recorded, and while Subject 1 commented that he used fiavaticimng actively, rather than
using compensatory movements, Subject 2 commented that he disliked switchinglsthat he tried to
use only one prosthesis function for each task (thereby promoting thef teenpensatory movements)
rather than switching. These comments are subjective comments but may dRplaifferences on



these two subjects.

Future comparison studies with more subjects or prosthesis users agystnalicated. Such a study
would benefit from using PGT in mutex on-off control, so that the training oweth more consistent
across the compared methods. For simultaneous proportional contramthumBof time spent at each
activation level and in each state (each sector of the “gain and thresfijaktraents” block) should be
recorded, in order to address whether or not the simultaneous anarfiwopl nature of the controller
is being utilized.

Each motor function was trained separately. Simultaneous motions in the tragtimgeie tested in
initial trials, but it was found difficult to observe speed or force on two $iameous motions. That part
of the training protocol was omitted in order to simplify and speed up the training time

It has not been documented whether the subjects of this study would fulsféndependent control of
two motor functions, but it has previously been documented that prostesis have that preference
[35]. During initial trials, fully independent control of both motor functiomas permitted, but it was
then chosen to limit the system to a fixed-ratio co-activation in order to makedbthpsis behave more
predictably. The rest of the system was identical in the two cases.

All four control systems were trained in three limb positions selected spdisifioathe tasks involved.
During the initial tests this was found to be crucial, especially for moving ddethespins (in the
Clothespin Relocation task) and for pouring water (in SHAP). As prelyalemonstrated, the control
systems may also benefit from additional input from inertial sensorsl@otneters) [13] or other
sensor modalities.

Subject 2 recorded more failures when using simultaneous proportiontbtthan the other control
strategies in the Clothespin Relocation task. The subject’s response whs thay have intentionally
have dropped the clothespin instead of completing the task. This allowed the tesrestarted and
so he could achieve a shorter recorded time, despite the fact that he strastied to prioritize task
completion. It is important to stress to the subject the priority of completing thentds&ut failures,
rather than completing the task as fast as possible. This highlights the undgrpblem with timed
tasks, which achieve an objective measure more readily. However,sprosthesis that is slow would
be regarded as a poor solution, speed of execution remains a goodrenfeasihe performance of a
prosthesis.

During the Clothespin Relocation task the subjects were instructed not to neawéettt. The frequent
use ofcompensatory movementbserved while using sequential proportional control indicates that
compensatory movements may still be the fastest way to complete the ClothespiatReldask for
this control system — even though the test is designed to encourage tlé twse motor functions.
This might indicate a need for other test activities with a stronger depeadengsing multiple motor
functions, or ones with an explicit restriction of compensatory movementsth®mwther hand, we
cannot deduce from our results that all kinds of training effects hadi ali¢ by the completion of the
fifth session. In particular this goes for subjective properties like perddunctional performance,
which, given more user training, might increase the to the point where tlecswould instinctively
prefer to utilize another prosthesis motor function rather than compensathgtier body movements.
Assessment of such long-term training effects are outside the scope mfetbent paper.

We believe that during these trials, more compensatory movements werenpeafduring sequential
control than during the other control methods. Future studies should dhteirc quantitative measures
of these movements, which is a relevant but challenging task and demasuisl $pstrumentation. In
addition, the test method must be altered so that it measures the performtrereéeded way: In some
cases it may be important to be able to perform the task without the neednfipecsation — while in



other cases, the speed is more important. Compensations are the result bimted movement (range
or degrees of freedom). While the prosthesis might provide some of the missitions, it is a trade

off between speed and convenience when multiple degrees of freedqroaided. A crucial aspect of
the desire to provide multiple simultaneous motor functions for users is to creaabithty to be faster

and more convenient without using potentially harmful compensation strategie

Learning to use a prosthesis is a complex process and measuring it seguaege of different tools
[36]. Using the WHO-ICF system, the tools chosen tested the Function (Spitheand Activity
(SHAP) domains. A new subject must become familiar with the means of conteoprtisthesis dy-
namics and the best way to perform the task. All of these are part of tihréigaand improving of the
subjects as they perform the tests. It has been demonstrated by BdBgevsemaet al. that gross
motor control, such as positioning the arm and prosthesis in space, caarbedejuickly, whereas
learning to control the pinching force requires more time [37,38].

As the Clothespin Relocation task contains relatively few motion patterns dypdwoa type of objects
to grasp, its scores stabilised quickly. SHAP, on the other hand, is ddsigmeeasure the functional
abilty of the hand and so contains a wider set of motion patterns and objectsijputate. SHAP was
thus measuring the subject’s ability to learn how to use the prosthesis anditha éarmats and would
need a longer time (more than five sessions) to achieve good control asidteot scores in a future
comparison study.

Conclusion

A prosthesis socket equivalent was developed in order to allow norimalbed subjects to perform
practical tests of control systems for upper limb prostheses. The mairedife from previous efforts
is that it gives near-isometric muscle contractions by locking joints of the stdbferearm, hand and
fingers.

The performance of four different control systems were comparkd.nfain finding was that the three
modern systems all performed superiorly to the conventional, sequerd@bntional control system.

However, due to the limited number of subjects in this study, no definite conckisan be drawn. Fur-

thermore, the results indicated the need for test activities with a strongendiepce on using multiple

motor functions rather than compensatory movements.

The study illustrates that prosthesis guided training is a promising system ¢raigtihod for propor-
tional control. It also contains the first simultaneous proportional myoatemtntrol system demon-

strated on a prosthesis affixed to the forearm of a subject, which compgkethercurrent research focus
on simultaneous control.
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