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A Bilateral Training System for Upper-limb Rehabilitation:
A Follow-up Sudy

Bo Sheng, Yanxin Zhang, Lihua Tang, Shengquan Xie, Senior Member, IEEE, and Chao Del

Abstract— Previously, we reported a novel bilateral
upper-limb rehabilitation system, an adaptive admittance
controller and a related bilateral recovery strategy. In this
study, we want to get a stronger evidence to verify the
robustness of the proposed system, controller and recovery
strategy as well as to further investigate the possibility of
bilateral trainings for clinical applications. To this end, ten
healthy subjects took part in a 60-minute experiment.
Trajectories of robots and interaction force were recorded
under the proposed bilateral recovery strategy which contained
four exercise modes. For mode-1 and mode-2, results showed
that the trajectories of master and slave robots can catch the
reference trajectory very well, and be changed with active
interaction force applied by participants. For mode-3 and
mode-4, participants finished tasks very well by drawing the
‘square-shaped’ trajectories through their own force. In
conclusion, the experimental results were good enough to
provide a strong and positive evidence for the proposed system
and controller. Moreover, according to the feedbacks from
participants, the bilateral recovery strategy can be treated as a
new and interesting training as compared to the traditional
unilateral training, and could be tested in clinical applications
further.

Keywords-Bilateral upper-limb rehabilitation system; adaptive

admittance controller; bilateral recovery strategy; clinical
applications

. INTRODUCTION

most activities of daily living tasks with one-hand is awkward,
difficult and time-consuming [2].

Up to now, there are some limitations of most existing
bilateral systems: first, the reliability of mechanism cannot be
guaranteed because of lacking precisal-time data and
insufficient tests as compared to industrial robots [3]; second,
parameters of controllers in some bilateral systems have to be
adjusted manually, which may affect the robustness of a whole
system and further cause discomfort or evemjigy for
participants [4, 5]; third, a majority of bilateral training
protocols are revised from unilateral training protocols, only a
few are specially designed for bilateral rehabilitations [6-8].
So to figure out the remaining problems, we proposed a novel
bilateral rehabilitation system in previous work. However,
only one healthy participant took part in previous experiments
based on the proposed system, stronger evidences are needed
to validate its safety and stability before clinical applications.

The main goals of this study were to get a stronger
evidence to verify the robustness of the proposed bilateral
upper-limb rehabilitation system as well as the possibility of
the proposed bilateral recovery strategy. To this end, we
recruited ten healthy participants to do a series of robot
involved bilateral trainings.

Il. METHOD

A Bilateral training system

In previous study we developed a novel bilateral
upper-limb rehabilitation system (Fig. 1A). Briefly, this

~ Compared to the traditional manual therapy, the robgystem is aimed to provide a research prototype which can
involved therapy can alleviate labor-intensive aspects gffer greater improvements in motor performance for

conventional rehabilitation trainings, and provide precisgpper-limb disabled people (especially for stroke patients) as
passive/active repetitive trainings in a sufficiently longompared to the traditional manual therapy and other
timeframe [1, 2]. In terms of upper-limb rehabilitationrehabilitation devices. The proposed system was comprised of
trainings, some robotic systems have been developed {@o Universal Robot (UR) robots (UR5 and UR10, Universal
bilateral exercises, and figured out a problem that performimbbots A/S, Denmark), two six-axis force sensors (SRI
M3713C and SRI M3715C, Sunrise Instruments LLC, China),
two handle bars, one PC and one network switch. Each UR
robot system contained one UR arm and one UR control box.
The UR arm was a six degrees of freedom (DOFs) motor
operated mechanical arm, which guaranteed an intrinsic
bshe687@aucklanduni.acynz com_p!iance during movements and_ allowed arms pf
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The adaptive admittance controller was proposed for
realizing the selkdjustment of a robot’s assistance or
resistance level in reaime according to a patient’ disability
level, which can improve the robustness of training processes
in both passive or active exercise modes. Moreover, two new
training directions were realized under the bilateral recovery
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strategy proposed in a previous work: a participant The whole experiment was comprised of four exercise
intervention training and a participant self-training. Thenodes, mode-1 and mode-2 contained three parts (part-1,
so-called participant intervention training is that a participarnpart-2 and part-3) while mode-3 and mode-4 contained one
can revise trajectories by his force rather than strictly followart. For mode-1, the robots moved arms of each participan
the reference trajectory, thus the participant’s intention and  passively along a predefined trajectory (a vertical motion with
voluntary efforts can be taken into account [9]. While tha range of [+6©-60°] at a speed of 100/s [10], Fig. 2A), 5
participant self-training is that trajectories of the robots are dimes for part-1/part-2 and 4 times for part-3. A total of
provided by an intact arm of a participant and his impaired anmaining time for mode-1 was around 6 minutes with a
can mimic or collaborate to finish tasks. These two kinds &minute break after each part, and a 5-minute break after each
trainings can both largely enhance the training enthusiasm. mode to avoid muscle fatigue. Main differences between three
parts are: the proposed adaptive admittance controller was
used in part-2 and part-3 rather than in part-1; a participant
followed trajectories of the robots in part-1 and part-2, while
in part3, the participant accelerated or decelerated the robots’
movements in 2nd and 3rd loops, and followed in 1st and 4th
loops. Furthermore, for mode-2, a basic training protoes w
the same as mode-1 except a predefined trajectory was
changed to a horizontal motion with a range of +69 at the
same speed [10], so a total of training time for mode-2 was
around 5 minutes with the same break time (Fig. 2B).

For mode-3 and mode-4, each participant was asked to
stand in front of the robots to provide bigger force. In @8d
each participant moved the left robot to draw a ‘square’ 5
times in 3D space by his left arm, and the right robot followed
the left robot’s trajectory at the same time. Moreover, the right
arm can follow, accelerate or decelerate trajectories by
providing corresponding force though the right robot (Fig.
2C). Inthis mode, we focused on the number of ‘square’ rather
than the training time since it is a task-based training. For
mode-4, a basic training protocol was the same as ®ode-
except trajectories of the right robot were opposite to those of
the left robot (Fig. 2D).

After finishing all exercises, each participant was invited
to finish a questionnaire to evaluate the rehabilitation system,
the controller and the training protocols. A total of training
time for all exercises was round one hour except acclimatio
phases.

Figure 1. Experimental setup. (A) Prototype of bilateral rehtdiibn
system; (B) A healthy participant with the system duriagitngs. D. Data reduction and analysis

B. Subjects In robot training processes, force was recorded by 6-axis
: o _ load cells at 2000 HZ and then downsampled at 50 HZ to be
A total of 10 healthy male participants with no knownthe same with moving trajectories recorded by robot systems.
nervous system diseases took part in this study (mean ages note that the collected force is not the net joint force but
27.8+1.08 years; height: 178.615.37 cm; weight: 73.9+10#e interaction force exerted by the robots to move
kg). All experimental procedures were approved by thgarticipants’ limbs (first two modes) and vice versa (last two
University of Auckland Human Participants Ethicsmodes). Angle data of elbow and shoulder were acquired by
Committee (reference 015256). the NDI Polaris Spectra (Northern Digital Inc., Waterloo,
Ontario, Canada) at 60 HZ in both with and without robot

C. Protocol - L .
. . - trainings. Note that in this study, only passive markers were
Each participant was invited to finish a paper test befotgisched to participants.

experiments to acquire his qualification for this experiment. If
he passed the test then he was given an explanation of how to
control and terminate the bilateral rehabilitation system. A
brief demonstration of the rehabilitation system was also given
at the same time. Then each participant was asked to sign a
participant consent form, and his age, gender, height, weight
and other information were collected as well. After the test,
explanation and collection, each participant was invited to sit
on an adjustable chair in front of the robots and grab onto
handle bars of the robots to do experiments (Fig. 1B).
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A For mode-1 and mode-2
In general, as shown in Fig. 3A and Fig. 4A, trajectories o

the master and slave robots were almost the same as =~ -ax- el
reference trajectory, and in Fig. 3B and Fig. 4B, the adaptiv M rimets) ©° 30 00 120 % Distance(MM)
admittance controller showed an ability to adjust trajectories

according to interaction force (active) from participants. Figure 3. Results of mode-1. (A) Trajectories of Mode-1 with pessi

. . . farce; (B) Trajectories of Mode-1 with active for¢®l.F. and S.F. in these
Flg. 3 I||UStI’ated the eXperImenta| reSU|tS Of part'z aréaphs mean master force and slave force.)

part-3 under mode-1 (the results of part-1 were the same as the
results of part-2, which were not presented). The absolqte max Shoulder horizontal adduction/
errors between reference trajectory (R.T.), master trajectory :

(M.T.) and slave trajectory (S.T.) can be seen from Tabte I f abduction (mode-2)
part-2, max errors along the X-axis and Z-axis were 2.34mm A

and 0.24mm between master and reference trajectories,
respectively; 2.51mm and 0.40mm between slave and
reference trajectories; respectively, and 2.62mm and 0.43mm
between master and salve trajectories, respectively. While for
part-3, max errors along the X-axis and Z-axis were 9.38mm g4
and 9.77mm between master and salve trajectories, "~
respectively.

0

Trajectories and interaction force for mode-2 can be found
in Fig. 4, which shown similar results as mode-1. Moreover,
Table Il represented the absolute max errors between R.T.,
M.T. and S.T.: for part-2, max errors along the X-axis and B
Y-axis were 3.84mm and 0.79mm between master and
reference trajectories, respectively; 3.86mm and 0.49mm
between slave and reference trajectories, respectively; anc
3.12mm and 2.27mm between master and salve trajectories _®
respectively. While for part-3, max errors along the X-axis and %40
Y-axis were 9.58mm and 6.21mm between master and salve F
trajectories, respectively.
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Note that for mode-1 and mode-2, trajectories in Fig. 3A 20 g
and Fig. 4A were the average results of ten participants, while Y-Distance(MM) 20 400 0 7350
the results of Fig. 3B and Fig. 4B were not. The reason was
that Fig. 3B and Fig.4B showed the results of part-3, in whicfgure 4. Results of mode-2. (A) Trajectories of Mode-2 with passi
trajectories were different from each other due to differeff'ce: (B) Trajectories of Mode-2 with active force.
active force applied by participants and these trajectories
cannot be averaged. For this situation, the best trajectory

150
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B. For mode-3 and mode-4 absolute trajectory errors of mode-1 and mode-2 with passive

For mode-3 and mode-4, trajectories were presented fgyce were all less than 4mm. It means the slave robot can
Figs.5 A, B, respectively. Results showed that a particip .tch and fo_llow the master ro_bot tightly and thus realize
can trigger the robots to draw the ‘square-shaped’ trajectories |aterallt_ra|n|ngs. At the same time, the controller can keep
according his force and its direction. Moreover, Table ijhe stability of the system with passive force as well as reduce
represented the absolute max errors: along the Y-axis dRternal and external disturbances. By using the c_ontroller, t.he
Z-axis between master and salve trajectories were 8.9mm &¥g€m could keep comfortable and safe for participants with

5.5mm for mode-3, and were 6.2mm and 7.9mm for mode-expected spasms or other diseases, which is a very
respectively. important part for rehabilitation trainings especially for stroke

patients [11, 12].
Note that trajectories of mode-3 and mode-4 in Fig. 5 were L , ,
not the average results of ten participants which was the same!n addition, it can be seen from Fig. 3B and Fig. 4B, M.T.
situation of Fig. 3B and Fig. 4B as described above. Anoth@pd S.T. were different from R.T. in 2nd and 3rd loops
reason was that in mode-3 and mode-4, the time for each I@fFording to active force or the same as R.T. in 4th loop as
was different from each participant, it was impossible t§90N as active force descended to the safety threshold (15 N).

average trajectories. So the best trajectory among tMpreover, according to Table | and Table Il, the absolute

participants was picked up for the presentation as well. trajectory errors of moqle-l and mode-2 with active force were
all less than 10mm which were very small as compared to the

Active-mimic (mode-3) whole trajectories. It means the controller has an ability to

A change trajectories quickly and stably, which made a

foundation for the active-mimic and active-cooperate training
modes. At the same time, the concept of participant
intervention training was realized that a participant’s intention

and voluntary efforts can be taken into account though
changed trajectories.

500

w
=1
=)

100 However, some differences of the absolute trajectory

errors were found within one mode or between two modes.

First, all errors of part-2 were smaller than those of part-3 in
both mode-1 and mode-2. The possible reason could be that
Time(s) 40 8o with active force, the changes of trajectories were bigger than
000 400 200 Oy nce(MM) those of trajectories with passive force, which increased errors

Acti de-4 accordingly. Second, almost all errors in mode-1 were smaller
ctive-cooperate (mode-4) than those in mode-2. This situation can be explained by a fact

B that during mode-2, participants were easier to offer larger
active force as compared to mode-1 due to horizontal
movements (shoulder horizontal adduction/abduction) and the
short training time (12s for one loop) [13].
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B. For mode-3 and mode-4

As for mode-3 and mode-4, the results showed that
participants can finish the total active task-based trainings by
drawing the ‘square-shaped’ trajectories through their active
force carried out by left and right arms. Figs. 5A, B showed
the best trajectories of mode-3 andde4 chosen from ten

Z-Distance(MM)

Time(S) 40 400

0
-200 Y-Distance(MM)

0 400 participants, respectively. A definition of ‘best’ was that a
Figure 5. (A) Trajectories of Mode-3 with active force; (B)ajectories of t?ajector}./ was smooth and each ‘square’ was finished at a
Mode-4 with active force. time, while a ‘bad’ trajectory was rough and each ‘square’ was
finished at many times. Moreover, it can be seen from Table
IV. DISCUSSION 1, the absolute trajectory errors of mode-3 and mode-4£ wer
all less than 10mm, which was the same results as part-3 of
A. For mode-1 and mode-2 mode-1 and mode-2. These small errors also providedrastro

In general, experimental results of trajectories and tividence that the system and the robot involved trainings were
performance of the controller were the same as ogtable and safe. At the same time, the concept of self-training
expectation, which showed a strong evidence that tMéas realized, which can enhance the enthusiasm of
proposed bilateral rehabilitation system as well as the adaptR@rticipants as far as possible.
admittance controller were stable and safe, and can be tested in
clinical applications further.

Fig. 3A and Fig.4A represented the averaged trajectories
of mode-1 and mode-2 with the passive force, respectively. It
can be seen from these two graphs, the master and salve robots
can catch the R.T. well. According to Table | and Table Il, the



TABLE I. ABSOLUTE TRAJECTORY ERRORS OMODE-1 IN PART-2 AND PART-3 (MM).

Exercise  Robot
Name Name Max Error  P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Mean+SD
Reference

master  X-axis

robot Reference

181 216 194 215 221 206 181 211 189 234 2.05%0.17

023 021 023 014 014 0.14 014 024 014 0.24 0.19+0.04

Z-axis
Reference 511 218 248 251 211 218 199 208 238 208 221017
Part-2 dave X-axis
robot ;figg”ce 040 024 026 024 024 034 024 024 034 033 0.29+0.06
mzhi” X-axis 222 222 248 262 222 222 198 212 238 232 228:0.17
robots  Z-axis 037 037 037 027 027 037 027 037 043 037 0.35:0.05
bart.a mzhi” X-axis 938 348 722 472 368 342 868 278 688 258 528+2.40
robots  Z-axis 257 347 697 247 027 467 123 037 977 033 3.21+2.99
TABLE II. ABSOLUTE TRAJECTORY ERRORS OMODE-2 IN PART-2 AND PART-3 (MM).

Exercise  Robot
Name Name Max Error P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Mean=+ SD
Reference

master  X-axis
robot Reference

Y-axis
Reference

Part-2 slave X-axis
robot Reference

129 316 297 114 301 140 285 189 384 184 2.34+0.89

026 079 016 026 043 014 016 049 015 0.28 0.31+0.20

215 348 175 259 386 182 244 202 279 233 2.52+0.66

049 026 030 023 025 026 036 027 041 024 0.31+0.08

Y-axis
mt)hi” X-axis 242 242 268 289 242 242 298 312 269 275 2.68+0.25
robots  Y-axis 137 137 137 227 127 137 227 137 143 137 1.55+0.36
bart.a mghi” X-axis 869 569 388 159 958 633 7.49 638 258 3.11 553+254
robots  Y-axis 158 521 6.18 144 236 6.21 147 258 332 223 3.26%1.81
TABLE III. ABSOLUTE TRAJECTORY ERRORS OMODE-3 AND MODE-4 (MM).

Exercise  Robot ' Frror P1 P2 P3 P4 P5 P6 P7 P8 P9 PI0  Mean+SD

Name Name

within - y_ayis 580 140 558 190 250 220 292 218 890 335 3.67+2.24
Mode-3 two

robots  Z-axis 430 290 550 380 380 260 280 040 250 190 3.05:+1.33

within - y_ayis 560 220 1.30 420 400 190 280 620 270 170 3.26+1.59
Mode-4 two

robots  Z-axis 550 7.90 240 260 7.70 6.80 240 250 230 260 4.27+2.29

. ) this recovery strategy should be certified by more
In this study, we want to test how best a trajectory can k%]

since all participants are healthy people and thus to establi ?(geriments with more healthy subjects or stroke patients
baseline to against results from stroke patients. As we expec ore clinical applications. Future work will be done in two

trajectories created by stroke patients would be rough aﬂabeCts to improve the sys_tem performance and to get a
cannot be finished at a time. But with the improvement ¢teeper understanding of bilateral recovery processes: 1)

muscle activation of stroke patients, trajectories would bértual-reality games will be included in trainings especially
smoother and be finished faster after a series of rehabilitatitntotal active modes (mode-3 and mode-4); 2) more healthy
trainings. subjects or stroke patients would be involved in future
experiments.
V. CONCLUSION
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