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Abstract

Robotassisted bilateral training is being developed as a hew rehabilitation approstcbkepatientdHowever,
there is still a lack of understanding of muscle functions when parfgmobot-assisted synchronous movements
The aim of this work is to explore the muscle activation patterns andlhinetary effort of participants during
different robot-assisted bilateral training protocols. To this #dtgealthy participants were recruited to take part
in a60-minute experiment based on an adaptive admittance controller. The expedrioteded two different
bilateral exercises, and each exercise contained four different training proto@ptaries of the robots,
interaction force, and surface electromyogram (SEMG) signals wenaleglcduring training. The results show
that the robots do affect the muscle activation patterns during diffes@nbg protocols and exercises rather than
the controller. Specifically, the activity of muscieseduced in robot-assisted training but is increased in active
force involved robot-assisted training when compared to robot-uteksiaining. Meanwhile, the voluntary
effort of participants can be presented by the adjusted trajectories via tt@leorin addition, the results also
suggest that the activations for the same muscle groups lieftth@d right arms are highly correlated with each
other in both exercises. Furthermotwee training protocols and methods develojethis work could be further
extended in future clinical trials to investigate therapeutic outcomes for patientdl @s to better understand
bilateral recovery processes.
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1. Introduction

Compared to manual training, robot-assisted training can alleviate backlrem&itual work in traditional
rehabilitation training, and provide precise repetitive training in a long timef. To date, the reliability
and validity of robot-assisted trainifgave been verifiecby many clinical trials{ [8]. The most utilized motion
types in robot-assisted training are: 1) continuous passive motiactj\&)-assisted motion, and 3) active-resisted
motion . According to], voluntary effort involved motioimcluding active-assisted motion and active-
resisted motion, is more effective on motor functional improvementdbatinuous passive motion. The main
rationale is that stroke patients in these motions are encouraged to trjtisédfeirmovement, which is essential
for provoking brain plasticity, and motor Iearni-8]. Volunteffort can also show the physical conditions
of stroke patients via active force according to the Brunnstrom ap‘pand muscle strength gradi,
since different recovery stages of stroke have different gradessafienstrength. Therefore, voluntary effort is
important for stroke rehabilitati[8], which can be represented by dotivee and SEMG signals.

Moreover, muscle responses to different training protocols (with oowutittobots, or different motions) are
important for stroke rehabilitation as well, which is the foundation émebbping rehabilitation robots, control
strategies, and training protoc. Using rehabilitation robots to explore the activation correlations of different
muscles is also helpful in order to understand the cooperation mechamachgiair of muscles under different
training protocols, and further, to evaluate the effectiveness of-essisted training protoco. To date,
muscle activation patterns have been researched and reported in literature, howstvef them were related to
the lower limbs rather than upper limbs. Two stu reported the activity patterns of leg muscles during
different robot-assisted walking conditions. The experimental redwisesl that the Lokoat did negatively
influence the muscle activation patterns dugstbmitations. Even though the findings were not identical to their
hypotheses, they still can contribute to the understanding of humarirmateractions. Three other stud
mentioned the muscle activation patterns of upper limbs under rolisteddsaining, however, these patterns
were used as the indexes to evaluate their rehabilitation robots or trainingpfgotather than to explore the
cooperation mechanism of each pair of muscles during different trairotaepls.

Recently, bilateral rehabilitation trainingas proposed based on the report that the activation of the damaged
hemisphere can be promoted by the activation of the undamaged lhemisphis was facilitated through a
simultaneous movement with the most affected arm and the less affectgiZjit8}. Bilateral training can also
enhance patients’ body coordination which cannot be trained via traditional unilateral trainiqpgh@ding a ball

or twisting a towel. To date, several robotic devices have been created ed raridilateral training, and
experimental results support the suggestion that bilateral training istadesfective as unilateral training for
stroke rehabilitatior]1[9]. However, to thebest of the authors” knowledge, studies that focus on the voluntary
effort and muscle activation patterns during robot-assisted bilateral tramiegdrely been reported. In addition,

as discussed above, research related to the muscle activation patterns of uppgealsobsnited.

Therefore, the main purpose of this work is to investigate thentarlueffort and upper-limb muscle activation
patterns of healthy participants during different robot-assisted bilateral traprimtocols. The activatio
correlations of different muscles are also explored within one arnbetmeéeen two arms to establish a set of
‘standard’ criteria. The criteria could then be utilized as a baseline to assess the patterns exhibiteieby s
patients through the same bilateral rehabilitation system and training prototimésfuture. It is hypothesized
that for healthy participants, the activity of the arm muscles waailthé same as the leg muscles, specifically
the arm muscles would be reduced to a lower levalrisbotassisted training compared @agobot-unassisted
training . The rest of the paper is organized as follows: Section 2 illustrates the migthtids work;
Section 3 describes the results of two different bilateral training protdgetsion4 presents the discussion,
followed by the conclusion in Sectién

2. Methods
The bilateral rehabilitation system

The utilized systernontains two Universal Robot (UR) robots (UR5 and UR10, Universal Ra#i8iOenmark),

two 6-axis load cells (SRI M3713C and SRI M3715C, Sunrise Institgr@o., Ltd, China), two customized
handle bars, one computer and one network switchHigeiee 1). The UR robot comprises one UR control
boxand one UR arm. The UR arm is a six-DOF motor operated robot manipulatoh guarantees the intrinsic



compliance during training and allows participants to move their arrtigén-dimensional (3D) space with
large range of motion (ROM).dRtime interaction force between participants astabisis measured by the load
cells installed below the customized handle bars, which makes precisely corilatiexdl training possible. The
final design of the handle bar includes a supporter for participlntds and wrists as well as Velcro straps to
fix participants’ hands with a grip, which enables the affected limbs of participantsedhes device.
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Figure 1. The proposed bilateral rehabilitation system: (A) the block diagirdine system, and (B) a healthy
participant with the system.

An adaptive admittance controller proposeda previous stud] is utilized in our work for two purposHse

main purpose is based on tkebject-centered’ concept, that is, participants can adjust trajectories through their
own force rather than strictly follow reference trajectories, and tleirswbluntary efforts can be reflected in the
adjusted trajectories. At the same time, participants can have a higher lemghgEment for bilateral training.
The other purpose is to improthe robustness of training by reducing disturbances from participlavises, or
external environment, as well as the time-delay between two robbish vg the foundation for precisely
controlled bilateral training.

Furthermore, a series of safety measures are also implemented in betinesahd hardware. Researchers could
terminate two robots with a stop command through the software aathe time. The UR robot would stop
automatically if movements reach safety boundaries (EB0@or X-direction, £&0mm for Y-direction and
+350mmfor Z-direction,), or velocity, acceleration or interaction force of timots exceed risk thresholds. The
robots could also be shut down by cutting off the power thremgergency buttons by researchers and participants
at all times.

Participants

Ten healthy male participants (mean age: 27.9+1.14 years, weight1@3%2+kg, height: 178.&37 cm, and
BMI: 23.1+2.37 kg/m) were recruited in our workrhe demographics of the participants can be seen in Table 1
Participants had no known nervous system diseases or upper-limtedss@®ther physical preparations were the
same as other resea[, e.g. avoiding strenuous exercises for the 24 hours prioipeeriexent.



Table 1The demographics of the participants
Participant  Gender Age Height (cm) Weight (kg) BMI (kg/m?)

1 Male 29 186 85 24.6
2 Male 29 172 60 20.3
3 Male 27 182 72 21.7
4 Male 28 175 70 22.9
5 Male 26 168 58 20.5
6 Male 26 180 85 26.2
7 Male 28 181 83 25.3
8 Male 29 183 69 20.6
9 Male 29 183 90 26.9
10 Male 28 176 67 21.6
Mean 27.9 178.6 73.9 23.1
SD 1.136 5.370 10.606 2.371

Experiment Protocol

The flowchart of the experiment protocol has been shown in Figur8&iare the experiment, each participant
was invited tado an evaluation tassess his physical condition for our experiment. If they passed theagoalu
they were instructed on how to terminate the robots and the SEMG colletgmnemergencies occurred such as
mechanical failures or skin allergies. After that, they were given a briefrdtration of the rehabilitation training
device, and their age, gender, height, weight and other information were codadtdlde participant consent
form was signed as well.

After the evaluatiopexplanation and consent collection, disposable Ag-AgCl electrodes (3M Red Dde &
Care, Germany) were placed in pairs over the skin with an inter-elecpaciag of 0.02. Prior to SEMG
electrode placement, skin was shaved of hair if necessary andustjorcleansed with alcohol wipes until
erythema was attain. The sEMG electrodes were then placed along the main direction of muscle fibers
based on the suggestions by SENIAM (the European project on S@B)I'[le wires of the electrodes were
wrapped with ace bandages to ensure that they did not impede mdsieRight muscles of the left and right
arms of each participant were selected, including left biceps brachii (lBBjnterior deltoid (LAD), left lateral
deltoid (LLD), left posterior deltoid (LPD), right biceps brachii (RBB), rightesior deltoid (RAD), right lateral
deltoid (RLD), and right posterior deltoid (RPD). After being fuligtrumented, each participant was asked to
do a maximum voluntary contraction (MVC) for eight muscles. Finallgytivere invited to sit on an adjustable
chair and grasp the handle bar attached to the robots to perform thenexpéFigure 1B).

After analyzing and a guide from the National Stroke Association, two exercises were setedtad vork.

Each exercise contained three robot-assisted training prewitorandomized orders: RAT, RATC and RAF.
‘RAT’ referred to the robot-assisted trajectory trainifBATC’ referred to the robot-assisted trajectory training
with the controller, and ‘RATAF’ referred to the robot-assisted trajectory training with active force. For the first
exercise, the arms of participants were passively moved by the robotsaghoedefined trajectory: shoulder
flexion/extension with the range ob[, +60°] at a speed of P65 (Figure 2C, henceforth named flexion/extension
exercise. Participants were trained 5 times for RAT/RATC and 4 times for RABARhe total training time

was about 6 minutes. In order to avoid muscle fatigue, 3tmioreak after each training and 5-minute break after
each exercise were performed as well. For the second exercise, the basig praiticol was similar to the first
exercise, except the predefined shoulder trajectagchvanged to horizontal adduction/abduction with the range
of [0°, +6(°] andat the same spe. Therefore, the total training time in the second exercise was around 5
minutes with the same break (Figure 2D, henceforth named addabtiniction exercige Meanwhile, after
finishing rdbot-assisted training, each participant was asked to repeat the same training piittocotie robots,
which was treated as the normal training (henceforth named Nhisltraining protocol, participants did the
same movements as described abtheetotal training time was diverse but the 5-minute break after each exercise
was the same. During the training, two angular sheets were attacheth tpagticipant to make sure that the
motion ranges were the same &9{; +60°] and [®, +6(°] for theflexion/extension and the adduction/abduction
exercises, respectively (The flow diagram of the training protocol caedrein Figure 2B). After completing all

the exercisesa questionnaire was completed by each participant to evaluate the bilateral rehabilitsteom sy



the controller and the training protocols. The total training time for the experiwas around 60 minutes
including acclimation stages.

It can be seen from Table 2 that the main differences between fouendiftesiining protocols were: in RAT,
participants followed trajectories provided by the robots without the contraleRATC, participants still
followed the trajectories but the controller was used for each robot; in RApdtticipants followed the same
trajectories with the same controller in RATC for théand 4" rounds, but they were asked to adjust the
trajectories in the ™ and & rounds through active force; in NT, participants moved freely with@utdhots
The main objectives for doing these four training protocols were: 1) torexbe SEMG patterns of the controller
involved/uninvolved training protocols under robot-assisted traject®&®$C to RAT); 2) to explore the sSEMG
patterns of the active force involved/uninvolved training protocols urudent-assisted trajectories (RATAF to
RATC); 3) to explore the SEMG patterns of the robots involved/uninvaha@ing protocols (RAT, RATC and
RATAF to NT); and 4) to explore the activation correlations of each pairusties under different training
protocols and different exercises. Note that all the training protocols were bilateral.
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Figure 2. The detailed information of the experimental design: (A) thellaw of the experiment protocol, (B)
the flow diagram of the training protocol, (C) shoulder flexion/extensaxercise, and (D) shoulder
adduction/abduction exercise.



Table 2Components involved in each training

Training Involvement
Name Robot Controller  Active Force
RAT N x x
RATC \ \ x
RATAF \ \ \
NT X X X

Data reduction and analysis

In robot-assisted training protocpferce was measureay the load cells 860Hz which was the same sampling
frequency of moving trajectories recorded by the robot sysF{aw SEMG signals were collett with a
g.USBamp at a sampling frequency of 1200Hz (24-bit bio-signal ficapibn unit, g.tec Medical Engineering
GmbH, Austria), which were all anti-alias fiIter. After that, the linear envelope of SEMG signals was
obtained by:1) a second-order high-pass Butterworth filter with a cutoff frequeastc20Hz 2) a full-wave
rectification 3) a fourth-order low-pass Butterworth filter witrcutoff frequency at 4Hz, and 4) normalized by

dividing peaks with the MV.

In order to compute ensemble-averaged sEMG waveforms, procdsisisl linear envelopes were divided by
each round and then averaged. Final results were expressed byubar aariation for each muscle: for the
flexion/extension exercise, the results were shown 6§°,[-+60°]; for the adduction/abduction exercise, the
results were shown by {0+60°]. The activations of muscles were expresisgdn ensemble-averaged sEMG
graph as well as mean and max SEMG activity histograms. Blacwbegplaced on the left side of the ensemble-
averaged sEMG graph to show the activity levels of muscles appropriateéythée all the participants were
male thus avoiding the influence of gendell. tAe participants were postgraduate students (between 26 and 29
years old, young adult stagend the standard deviation (SD) of age is 1.13, thus avoidingflhenice of age

as well. As for the influence of physical characteristitcs measured sEMG data would be normalized by MVC
to avad individual differences, which is the common method to pros&ddG data. Therefore,all the
processed sEMG signals have the unit of %MVC.

Statistical analysis

Experimental data were tested for normality using the Shapiro-WilkQestriptive statistics contained means
+ SD of mean and max sEMG amplitudes, which were calculated and comparsifaaraconditions (RAT,
RATC, RATAF and NT) by One-Way ANOVA with Bonferroni postCm»st. Moreover, Pearson correlation
coefficients were calculated to figure out bilateral activation correlations bf gaic of musclesn different
training protocad . One-Sample T-Test was used for comparison of Pearson correlatianientffat the
same time. The statistical significant level was 0.05.

3. Results

The results are represented in three aspects: 1) the general observations flRgttoednof controller and robot
on sEMG activity and 3) muscle activation correlations. It should be noa¢dhiese results are based on male
postgraduate students with no known nervous system diseaggzeoilimb disorders.

General observations

Figures 3A and 4A illustrate the ensemble-averaged SEMG patterns of-lupipemuscles in the healthy
participants under different training protocols and exercises. In getiteramplitude of SEMG activity in the
robot-assisted training with active force (RATAF) is significantly gretitan those in robot-assisted training
protocols without active force (RAT and RATC), but almost the santigoae in robot-unassisted training (NT).
Specifically, for the flexion/extension exercisEMG waveforms are défent inBBs (BBs includes LBB and
RBB, and so on)in RAT, RATC and NT, therés almost no activityof these two muscles, while the peaks of
other muscles occur arouadb0® angle;in RATAF, the peaks of BBswaveforms coincide with the timing of
active force applied by the participants. The other finding in RATAF isRbBat (PDs includes LPD and RPD,



and so on) present additional strenuous fluctuations amt8@ angle when compared to other muscles. As for
the adduction/abduction exercise, the mean activity in RATAF is large&sraBd PI3, while it is comparable
for LDs (LDs includes LLD and RLD, and so on) and smalderADs (ADs includes LAD and RAD, and so on)
when compared to those in NT. Moreover, BBs and ADs do not prelseious peaks in almost all the training
protocols.

Influences of controller and robot on SEMG activity

The influence of the controller, which can be reflected by the magnifusEMG activity across different training
protocols, is examined. The activity levels of muscles in RAT are almsaimeasthose of RATC in both mean
and max sEMG activity, and the statistical analysis confirms that nificgn difference is observed between
these two training protocols (Figures 3B, 4B and 3C, #6¢ influence of the robots is also examined, but due
to significant differences between RAT/RATC and NT, RATAF is chosamwtopare with NT to explore more
findings. In the flexion/extension exercise, the max sEMG activity shiewsnost muscles’ activity levels are
higher during RATAF, when compared to those of NT, except LDaI(EI§C). The mean sEMG activity reveals
the opposite: only BB activity levels in RATAF are higher than those of NT (Figure 3atistically significant
differences are also found between RATAF and NT. Post-hoc multiple commzatistng the Bonferroni test
indicate that in the max SEMG activity, BB RATAF are significantly different from those in NTn the mean
SEMG activity, ADs and LDs in RATAF are significantly different frahose in NT for the same test. In the
adduction/abduction exercise, PDs show a higher activity level in RATAF wdrapared to NT in the mean
SEMG activity (Figure 4B). In the max sEMG activity (Figure 4BRs, LDs and PDs present higher activity
levels in RATAF when compared to NT.

Muscle activation correlations

The muscle activation correlations are revealed by the results of Pearsglation coefficients (Table 3 anjl 4
Generally a situation found in almost all the training protadasithat a specific muscle indicates a very strong
correlation to the same muscle of the contralateral aspecially in RATA. In particular,ADs and LDs
(LAD to RAD, and LLD to RLD) achieve the strongest correlation ficieht in each training in the
flexion/extension and the adduction/abduction exercises, respectively. One intefiestimg is that in the
adduction/abduction exercisaegative results are observed in RAT, RATC and NT, which meandhthat
activation level of one muscle tends to increase as that of the contralateci tends to decrease. This causes
most results in Table 4 to be smaller than those in the flexion/extengdorcise (Table 3), and only a few results
are significantly different from zero (One-Sample T-Test).

Table 3Pearson correlation coefficients (mean + SD, n=10) for
different training protocols in the flexion/extension exercise (bilateral)
Training  Muscle RBB RAD RLD RPD
LBB  0.58%0.27* 0.48+0.30* 0.49+0.26* 0.49+0.27*
LAD  0.51+0.25* 0.79+0.20* 0.74+0.19* 0.64+0.26*

RAT LLD 0.54+0.24* 0.68+0.22* 0.74+0.18* 0.63+0.24*
LPD  0.41+0.24* 0.53+0.29* 0.60+0.28* 0.66+0.32*

LBB  0.44+0.20* 0.50+0.25* 0.50+0.21* 0.52+0.23*

RATC LAD  0.53+#0.14* 0.88+0.08* 0.85+0.08* 0.72+0.24*
LLD 0.54+0.17* 0.79+0.16* 0.83+0.08* 0.74+0.20*

LPD  0.42+0.30* 0.55+0.35* 0.58+0.35* 0.64+0.34*

LBB  0.85+0.16* 0.75+0.10* 0.75+0.08* 0.52+0.15*

RATAE LAD  0.76%0.19* 0.91+0.05* 0.85+0.07* 0.55+0.22*
LLD 0.70+0.24* 0.83+0.10* 0.89+0.06* 0.73+0.17*

LPD  0.37#0.28* 0.38+0.33* 0.58+0.24* 0.79+0.12*

LBB  0.64+0.19* 0.57+0.25* 0.56+0.25* 0.55+0.22*

NT LAD  0.52+0.25* 0.91+0.08* 0.86+0.08* 0.80+0.16*

LLD 0.53+0.30* 0.82+0.14* 0.87+0.09* 0.80+0.21*
LPD 0.55+0.29* 0.75+£0.20* 0.79+0.27* 0.80+0.19*
* denotes correlation coefficient significantly different from zero, t-test (verk\wea-.19),
weak (.20-.39), moderate (.40-.59), strong (.60-.79),\@ny strong (.80-1.02[7).




Table 4Pearson correlation coefficients (mean £ SD, n=10) for
different training protocols in the adduction/abduction exercise (bilateral)
Training Muscle RBB RAD RLD RPD
LBB  0.51+0.39* 0.45+0.34* -0.27+0.40 -0.22+0.41
LAD  0.45+0.32* 0.51+0.44* -0.33+0.59 -0.27+0.60

RAT LLD -0.12+0.52 -0.06+0.60  0.92+0.07* 0.86+0.14*
LPD  -0.16%#0.50 -0.02+0.59 0.90+0.04* 0.88+0.12*
LBB  0.58+0.21* 0.41+0.25* -0.01+0.45 -0.01+0.37
RATC LAD  0.37+0.37* 0.44+0.48* -0.14+0.50 -0.15+0.44
LLD 0.13+0.48 0.08+0.51 0.88+0.09* 0.83+0.18*
LPD  0.13+0.42 0.05+0.48 0.84+0.11* 0.83+0.16*
LBB  0.73+0.17* 0.11+0.44 0.15+0.41 0.31+0.30*
RATAE LAD  0.03+0.36 0.51+0.30* 0.07+0.47 0.10+0.38
LLD  0.04+0.39 0.25+0.46 0.87+0.13*  0.75+0.18*
LPD  0.15+0.37 0.26+0.40 0.78+0.25*  0.87+0.15*
LBB  0.30+0.28* -0.16+0.27  0.15+0.40 0.14+0.45
NT LAD  0.25+0.36 0.44+0.26* -0.38+0.37* -0.43+0.32*

LLD 0.14+0.45 -0.44+0.30* 0.79+0.17* 0.77x0.14*
LPD 0.04+0.40 -0.424+0.33* 0.72+0.14* 0.78+0.10*
* denotes correlation coefficient significantly different from zero, t-test.
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4. Discussion

The comparison of muscle activation patterns demonstrates that signiffeeneindes occuin most muscles of
upper limbs during both exercises. Meanwhile, some muscle activati@tatioms during bilateral training are
also unveiled.

General muscle activation patterns

In this work, the similarities and differercef healthy participants’ muscle activation patterns are investigated

via an analysis of the SEMG activity level. During robot-assisted tragmotgcols (RAT and RATC), the bilateral
rehabilitation system provides the necessary force to sugmibguidehe participants” arms to follow a reference
trajectory While duringa robot-unassisted trainingN{), the weight of the upper limbs have to be borne by the
participants throughout the movements without robotic assistance. Thergéftseunderstandable that the
amplitude of SEMG activity is obviously larger during the robegasisted training, when compared to the robot-
assisted training. The finding is in broad agreement with similar prawarcHT1|[13][28][29]. For examplein

, the muscle activity of ankle flexor and extensor was reduced duringahtise gait cycle with robotic
assistanceHowever, one researdh | reported an interesting result that the SEMG activity of leg muscles was
similar or even larger during robot-assisted walking compared to namatldhg, whichwas in conflict withits
hypothesis. The possible reason explainedsguthors could be the intermittent contact between the robot and
the participant, which can be treated as disturbances to the participant. As faFRIE purpose is to explore
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SEMG activity levelof muscledn the active force involved robot-assisted training to get a precise participation
level Researchers can also get a better understanding of the impaeti@pants’ voluntary efforts, therefore
adjust training protocols accordingly. A similar procedure has beemteelmy, where3D gait analysis was
used to evaluate treatment plans for children with cerebral palsy. Do@mrsable to improve the success rate
of operations through the reports of the 3D gait analysis.rot surprising that RATAF is accompanied by
augmented motor outputs in both mean and max sEMG activitghvugthe same as our expectation anddiss

been reported i.
Influences of controller and robot on SEMG activity

It can be seen from Figures 3 and 4 that the training protocdigRATC) and without (RAT) the controlleiod
not have significant differences in the SEMG activity for all thesetes. It means the controller does not affect
the activity level of each muscle and can keep stable for the exercisestviiting affected by internal and
external disturbances (Figure 5A). This is the foundation for bilataialng. As for the influence of the robots
significant differences are found between RAT (RATC) and NT .Hel®ved that the changes in muscle activity
canbe explained primarily due to the weight of the arms, which is stgapby the results , and has
been described above. However, even in the active force-involvedasdisted training (RATAF), there are not
many significant differences between RATAF axd, especially in the mean sEMG activity (Eigs 3A, B).
The main reason could be the same as RAT (RATC) that the musclesred to make an effort to counteract
gravity . The second reason could be the inertia of the arms, which isci@ragnt with the result . In
other words, the slo&r movement can result in a lower variability in the EMG patternd reduce the level of
muscle activity. In our work, the movement in RATAFsiower than that in NT (24s for RATAF and 4s [foF).
The reason for choosing the slow movement is1Bs is a reasonable speed for most stroke patients to follow,
without being too difficult to achieve, or too easy to lost interest in quickly basetherfinding in @
Furthermore, according , the muscle activity pattermanbeaffectecby moving postures, and according
to , the restriction of movements could increase the level of muscle activity duaecasbagonistic muscles
During our experiment, the moving postures of the participantsotde controlled very precisely, since the
proposed rehabilitation system is based onead-effecor’ robot This kind of robot has been widely used in
rehabilitation research (such as the MIME), even though it mainly focasesbpoint movements rather than
joint-specific movements.

Muscle activation correlations during bilateral training

One purpose of this work is to explore the activation correlations @freliff muscles during bilateral training
The major finding is that any specific muscle has the strongesiation to the same muscle of the contralateral
arm in all different training protoce(with and without robofsassistandeand in both exercises (Table 3 and
Table 4). This finding can be supported and explainyt[he brain and the corresponding motor nerve system
prefer to use the same muscle of each arm to do the same mov¥enmunterbalancing weight of the whole
body. In addition, based on previous W@, this finding has been used in robot control strategies for decades
(especially for force control). The second findindgprand-new that activation correlations are related to thesactiv
force exhibited by muscles in bilateral training; that is, the bigger twezged the stromgcorrelation coefficient.

This is also why RATAF presents the strongest correlations anoamgréining protocols. The third finding i

that ADs and LDs show the strongest correlation coefficients in altrining protocols compared to other
muscles in the flexion/extension and the adduction/abduction exercises, respedtivdetpason could be theat

pair of muscles showing the largest SEMG actividy also present the strongest correlation to each other. The
same conclusion has been reporte@, [in which participants are asked to perform the isometric contraction at
20% of MVC torque until failure. However, one exception is founithénadduction/abduction exercise that LPD
muscle does not show the strongest correlation with RPD muscle ireRRARATC One possible reason is the
individual differences among participants, which is the same findi@ It can be seen from Table 4, in RAT,
that the correlation coefficient of PDs is 0:88.12, which is very close to the strongest correlation coefficient o
LPD muscle (LPD to RLD muscle, 0.900.04). Meanwhilethe SD value of the expected muscle (RPD) is much
bigger than the actual muscle (RLD) (0.12 versus 0.04).
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Robot-assisted bilateral training & clinical significance

As previously mentioned, the controlieainadjust trajectories according to the force applied by participants and
thus to measure their voluntary efforts, which is the seconapeigf RATAF. The experimental results of RATC
and RATAF are shown in Figure 5 and Table 5. It can be seerFigures 5A and C that the reference trajectory
(RT) can be followed by the master and slave robots very well, whiligimes 5B and D, the trajectories of the
master and slave robots can either be different from the RT an@ 3 rounds due to the active force, or be the
same as the RT inf"4ound when the active force descends to the safety threshold (FEoN)these results, it
can be observed that the proposed robot-assisted traingablis and participants’ voluntary efforts can be
represented by the adjusted trajectories. Even though the current fimdghgshat muscle activation patterns in
the robot-assisted training are significantly different than those imothat-unassisted training, the clinical
applications of these kinds of bilateral training are not necessarily negative bated fonings of.
During the primary recovery stages (RAT and RATC), the affeatetbof participants can be moved carefully
by the slave robot with consistent and time-unlimited training sessichese types of training are found to be
effective in reducing hypertonia and maintaining joint stability, whick @encludedn . After recoveringa
certain degree of muscle strength, the robot-assisted cooperative trainittgbgoused (RATAF), in which
participants can adjust trajectories through their active force. As discimsghd introduction section and
according to the finding oﬂE]vquntary effort involved motion is more effective for motor functb
improvement. Therefore, the proposed robot-assisted bilateral trainingehaséntial to be used in clinical trials
as a new training method. Meanwhile, with the help of SEMG signals, the patitinievels of participants can
be analyzed precisely, which can be treated as an index to investigate wreethbptkassisted bilateral training
can stimulate the active participation of stroke patients and subsequenittyizeatherapeutic outcomes.

Shoulder flexion/extension exercise

(A) (B)

300

Z-Distance(MM)
°

Z-Distance(MM)

90
Time(s) ©° 30

9 s 40
0 160 Time(s) ® 30 o 160 120 X-Distance(MM)

Shoulder horizontal adduction/abduction exercise

0
-600

-200

p -400
200
Y-Distance(MM)

200 200 15(!
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1 2 200
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Figure 5. Trajectories and interaction force: (A) trajectories of shotileldon/extension exercise with the
controller (RATC), (B) trajectories of shoulder flexion/extension exereith active force (RATAF), (C)

trajectories of shoulder horizontal adduction/abduction exercise with the cortRAEL), and (D) trajectories
of shoulder horizontal adduction/abduction exercise with active force (RATE)T, ST, MF and SF in these
figures mean reference trajectory, master trajectory, slave trajectory, foastesind slave force, respectively).
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Table 5 Trajectory error (mm) of RATC and RATAF

Exercise  Protocol  Max o) o b3 pg ps pg P7 P8 P9 P10 meantSD
name name error

X-axis 2.22 222 248 262 222 222 198 2.12 238 232 2.05+0.17

Flexion RATC Z-axis 0.37 0.37 0.37 0.27 0.27 0.37 0.27 0.37 0.43 0.37 0.35+0.05
/Extension RATAE X-axis 9.38 3.48 7.22 4.72 3.68 3.42 868 2.78 6.88 2.58 5.28+2.40
Z-axis 257 3.47 6.97 247 0.27 4.67 123 0.37 9.77 0.33 3.21+2.99

RATC X-axis 2.42 242 268 2.89 242 242 298 3.12 269 2.75 2.68+0.25

Adduction/ Y-axis 1.37 1.37 137 227 1.27 137 227 1.37 1.43 1.37 1.55+0.36
Abduction RATAE X-axis 8.69 5.69 3.88 159 958 6.33 7.49 6.38 258 3.11 5.53+2.54
Y-axis 1.58 5.21 6.18 1.44 2.36 6.21 1.47 2.58 3.32 2.23 3.26+1.81

All results are absolute values.
Limitation and future work

As a pilot study, only healthy male participants were recruited for thisiengy@r which means that the findings
and the explanations cannot necessarily be extrapolated to female participéms age groups as well as stroke
patients, and the effectiveness of the proposed training protocaoistdevalidatedvieanwhile some negative
feedback vas also collected after the exercises, such as no visual guideimesiual reality games, and the
wires of EMG electrodes will influence movements at some extreme goinsry tall participant$>190cm).

To reduce these side effects, verbal guidelines were used, and nongaiftittipants were taller than 190cm
(Table 1). Meanwhile, as shown in Table 5, the max errors in the flexiengan exercise and the
adduction/abduction exercise were 9.77mm and 9.58mm, which could beeckgartbss than minor compared
to the maximum distances &0mm (Z-axis) and 50@m (X-axis) (percentage error:2.79% and 1.92%),
respectively. Therefore, the experimental results were still valid and reliablee Fdtk will be done in three
aspects as a resulf the limitations and feedback, to improve the systgmerformance, collect more accurate
results, and evaluate the effectiveness of bilateral training: 1) more healthy partivijiaoésinvolved to find
out the influence of gender and age (e.g. the elderly (aged 65ayebosder)) 2) stroke patients will be recruited
to explore the difference of muscle activation patterns, and to evaluatalithigyvof the proposed training
protocols; 3) wireless EMG equipment will be utilized to provide a moreartafiie training environment, thus
measuring more precise sEMG signals in real time.

5. Conclusion

Overall, the experimental result is the same as our hypothesis that there ificastgtifferences between the
robot-assisted training and the robot-unassisted training, which capperted by reliable sourc

. Specifically, for healthy participants, the activity of the upper aumsaies would be reduced the robot-
assisted training while increased in the active force-involved robot-assiateithg compared to the robot-
unassisted training in both exe. The results also show that the controller does not affect the muscle
activation patterns during any training protocols] #re voluntary effort of the participants can be represented
through the adjusted trajectories. Furthermore, an activation correlatioedretifferent muscles under different
exercises is represented by the results as well; thayispacific muscle has the strongest correlation to the same
muscle of the contralateral arm, both with and without rdba¢sistancewhich can be confirmed via prior
researc. The other finding is that the activation correlatiane positivéy related to the active force in
different bilateral training protocols, which is a brand-new findingchated by our experiment. These findings
can assist in the understanding of bilateral recovery presdssing different training protocsland different
exercises as well as human-robot interactions. In addition, the results andréispading explanations could
possibly be the primary baseline of bilateral exercises to assess the results opkatenesis carried out by
stroke patients.
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