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Abstract. The use of robotic devices in rehabilitation allows therapists to
administer the desired movement with the preferred level of assistance while
expending minimum effort. Robotic devices have been used in recent years to
enhance sensori-motor recovery of the impaired arm in persons with stroke.
Despite recent recommendations for bimanual practice, robot-assisted bimanual
activities are rarely explored and are limited to mirror image movements. We
developed a novel parallel movement mode for the Mirror Image Movement
Enabler robotic system and investigated trajectory error (TE) exhibited by healthy
adults during parallel and mirror image motions to various target locations. TE
values differed for parallel and mirror image motions and for certain target
locations, suggesting the importance of considering these factors when developing
robot-assisted bimanual activities.
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Introduction

Stroke is the leading cause of neurological disability in the United States[1].
Hemiparesis due to stroke is the primary cause of disability[2]. Most importantly, arm
paresis is perceived as the primary cause of disability by individuals who have suffered
stroke because of the limitations it creates in performing activities of daily living
(ADL)[3]. Rehabilitation of the impaired limb/s is essential for improving motor
function after stroke[4], yet only 30.7% of stroke survivors receive outpatient
rehabilitation[5]. Therefore, effective therapy for upper-limb paresis must be addressed.

Approximately 80% of all stroke survivors suffer from upper limb paresis and only
18% of these individuals gain full motor recovery with conventional treatments in the
year following stroke[6-8]. Thus, continued rehabilitation of the impaired limb/s is
needed. Several studies indicate that with proper treatment, arm recovery can occur
years after the stroke incident[3]. For example, repetitive, task specific training of the
affected limb can result in significant motor recovery more than one year after the
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stroke incident[8]. Experiments show that robot-assisted training of the impaired arm
can be as effective as unassisted repeated practice of the impaired arm [9, 10] and more
effective than neuro-developmental therapy commonly used for motor recovery after
stroke[11]. Furthermore, robotic rehabilitation systems offer increased efficiency,
lower expenses, and new sensing capabilities to the therapist. Taken together, the
recent successes and distinct advantages offered by robotic systems have garnered
much attention.

Despite significant motor improvements reported after repeated practice of the
impaired limb, recent neurophysiological evidence indicates greater benefits from
bimanual practice[12]. These investigations report cortical reorganization in
contralesional and ipsilesional brain hemispheres[12, 13] and enhanced inter-
hemispheric activation[14] with bimanual practice. As a result, several robotic devices
have been developed specifically for bimanual training, including the 6 degree-of-
freedom Mirror Image Movement Enabler (MIME) system[11, 15], the 2 degree-of-
freedom Bi-Manu-Track system[16, 17], and the 2 degree-of-freedom Bilateral Force-
Induced Isokinetic Arm Movement Trainer (BFIAMT)[10]. These systems have
achieved varying results. When added to conventional muscle tone normalization and
range of motion exercises, resistive training with BFIAMT enhanced arm strength[18].
Bimanual mirror image training combined with unilateral arm practice with MIME led
to improvements in the Fugl-Meyer scores of the proximal joints[11], while bimanual
training alone using the MIME did not differ from conventional (neuro-developmental)
treatments[19]. Training with Bi-Manu-Track, on the other hand, had no effects on the
arm motor recovery even though it reduced wrist spasticity[16].

The abovementioned robotic systems deliver bimanual movements in a mirror
image fashion and can operate in a master-slave mode where the movement of the
impaired limb is directed by that of the unimpaired limb. When guided by the
unimpaired limb, the affected arm experiences better joint coordination[10], so sensory
afferent signals come from better coordinated movement patterns and further facilitate
cortical reorganization[20]; however, use of mirror image movements alone can be
criticized from the motor learning perspective. According to task specificity and
variable practice principles, movements that resemble ADL and training protocols that
involve a wide variety of activities result in better and more functional motor progress.
To address this limitation, we developed a parallel mode for the MIME robotic system.
It is reasonable to assume that parallel movements resemble more bimanual daily
activities than mirror image motions (i.e., many reaching tasks) and can help attain a
more variable practice for robot-assisted bimanual activities. The goal of the study was
to compare the newly developed parallel movements to mirror image movements in
healthy adults while reaching to various targets with the MIME robot. Findings can
provide valuable knowledge for developing effective training regiments for stroke
patients and other populations that can benefit from bimanual robot-assisted training.

1. Material and Methods

Figure 1 shows the experimental setup using the MIME system, which consisted of a
PUMA-560 robot and a position digitizer.

Participants were seated in front of a low table with forearms placed in padded
forearm splints at mid-position.



Figure 1. A picture of the experiment set up. Right-handed participants were seated in front of a target array
and placed their arms in forearm splints. The right splint was attached to the Puma-560 robot (Stdubli
Unimation, Inc.). Optical encoders in each of the robot’s six joints allowed monitoring of the position and
orientation of the splint, while a six-axis force-torque sensor (resolution 0.25N) on the end of the robot
measured any forces and torques applied. The left splint was attached to the position digitizer (MicroScribe-
3DLX, Immersion Corp.), which could measure arbitrary trajectories for the left forearm while applying
minimal resistance to movement.

Splints were supplemented with pen-like extensions to allow for precision reaching to
targets. A software controller monitored the trajectory of the left arm and commanded
the robot to produce corresponding positions and orientations in the right arm. For the
purpose of this experiment, two modes were used: a mirror image mode (pre-existing)
and a novel parallel mode. In mirror mode, the robot continuously moved the right arm
to the mirror image position of the left. In parallel mode, the robot moved the right arm
in the same direction as the left.

Healthy right-handed participants were recruited to take part in this study. All the
participants signed consent forms approved by the Institutional Review Board of each
participating individual. All participants performed simple reaching exercises with the
MIME robot. Targets were ping-pong balls arranged as a vertical six-by-three array and
instrumented with blinking LEDs. The three rows indicated upper, middle, and lower
reaching points and the six columns allowed bimanual parallel reach to the right and
left and bimanual mirror reach to inner and outer targets (Figure 2). Each session
consisted of performing 48 reaching trials at a comfortable speed. For all trials, the
MIME system operated in the master-slave mode where the left arm was attached to the
digitizer and was therefore the leading arm. Participants performed unilateral, parallel,
and mirror image reaching movement in separate training sessions. The first training
session was for familiarization purposes and involved unilateral reaching with the left
arm. Thereafter, half of the participants performed the parallel and mirror image tasks
on sessions two and three respectively, while the remaining performed these tasks in
the opposite session order. All training sessions were completed in three consecutive
days. This design allowed all the participants to perform parallel and mirror movements
while accounting for practice order. The participants were instructed to reach to the
illuminated target pairs presented in a random order as accurately as possible at their
comfortable speed.

Data were sampled from the MIME at approximately 110 Hz. Trajectory error
(TE) was selected as the primary measure of interest. This measure represents the
difference between the performed and the desired trajectories. For reaching movements
the most natural trajectory is a straight path[21].



O O O ) o O ®
@ O o #/0 # O O # O
@ O @ |0 # O O = O
1 ] L J L Inner targets J
Left targets Right targets Outer targctiﬁ

b/

Figure 2. The schema of the vertical target array used for the reaching task and the associated reaching
pattern. Six target pairs were illuminated for parallel (left panel) and mirror (right panel) conditions in
random order and are depicted in different patterns. For the parallel condition participants reached to right or
left target pairs at upper, middle and lower rows. For the mirror condition participants reached to outer or
inner target pairs at the three rows.

Hence for current calculations the desired trajectory was taken to be the straight line
between the starting and end points of the reaching movement. Since only the reaching
portion of the task was goal oriented, analysis did not include the return path to the
starting position. In addition, since the bilateral mode of MIME operates in a master-
slave fashion, paths were analyzed for the left arm only. For each trial, the position at
the beginning of the movement was set to ﬁ(t,.)= (0,0,0), and the direction of the

straight-line path 7, was calculated by

. pb,)

Uges = ||I3
/ )

where # is a unit vector, p is the trajectory of the left forearm, ¢ is the time at the

beginning of the movement, and # is the time at the end of the movement. The error in
trajectory for each point in time was then determined by taking the component of the
position vector that was perpendicular to z,, ,
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The final TE was the magnitude of this error value summed over the length of the
trial and normalized over the total distance and duration of the movement to account
for differences in reaching distance and speed across participants where N is the
number of samples between #; and #.
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Normality of the data was confirmed using a quantile-quantile plot. Repeated
measures ANOVA with the main factors of condition (two: parallel, mirror) and target
(six: two in each row) and repeated factor of trial was used for data analysis. Kenward
Rodgers adjusted degrees of freedom was used to account for the small sample size.
Tukeys post hoc analysis was conducted when appropriate. Alpha was set at 0.05.



2. Results

Ten right-handed participants with an average age of 23.3+ 2.7 years successfully
completed eight repetitions for each target pair presented in random order (48 trials in
each training session). Training did not result in any significant changes in the
calculated TE values across trials; however, there was a significant main effects for
condition (F,g;5= 192.17, P < 0.0001): TE was significantly larger for the parallel
condition than the mirror image condition. There was also a significant effect of target
(Fsg15= 44.51, P < 0.0001) where upper-row target pairs had smaller TE values. The
significant condition x target interaction (Fsg;5= 40.59, P < 0.0001) clarified the main
effect findings and is presented in Figure 3. Based on the interaction, TE values were
smaller for the mirror image condition when compared to the corresponding target
rows in the parallel condition. This difference was not always significant. Lower right
targets in the parallel condition had the largest TE values.

3. Discussion

Trajectory error is a scalar measure that is commonly used to represent the kinematic
error of point-to-point movements. When performing goal directed reaching tasks,
motor commands that yield the smallest kinematic error are the most optimal and are
preferred by the central nervous system (CNS)[22]. Another central preference is for
the two limbs to operate in spatial symmetry and in an in-phase relationship (i.e. both
arms in abduction or adduction at a specific point of time) during bimanual activities
[23]. This predominance is observed in healthy older adults and those affected by
stroke[24]. In-phase movements are less demanding on the CNS[25] and are therefore
easier to maintain, more stable[24], less variable[26], and more accurate[27] than out-
of-phase movements (i.e., parallel). The in-phase relationship present for the mirror
condition, together with the smaller TE values for this motion regardless of the target
location, indicate better performance for mirror-type motion and further support
previous findings. It should be noted that there is evidence that out-of-phase
movements can be mastered with repeated practice[28]. For our experiments,
trajectory-error values did not change with training for the parallel and mirror
conditions, indicating the potential need for longer practice. The effect of target
location on reaching kinematics was also evident from the current findings. Targets at
the upper level had the smallest TE values for both parallel and mirror conditions and
TE was largest for the lower right target pairs in the parallel condition (Fig 3). The
upper targets were at eye-level for most participants, so it is tempting to assume this is
the reason behind the smaller TE for upper targets; however, previous findings suggest
that the most influential factor in goal oriented reaching is the “target laterality,” the
side to which reaching must occur[29]. Therefore, placing targets at eye-level is not
necessarily advantageous[30]. The exact visuo-spatial integration processes are
unknown and other factors such as eye dominance[31], which can further affect
reaching kinematics, were not accounted for in this study. Hence, no specific
conclusions can be drawn for the differences across the presented targets, and further
research is required to clarify the current findings.
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Figure 3. Mean trajectory error (TE) values are presented for the condition x target interaction. Values are
ordered by row (upper (U), middle (M), lower (L)), followed by the target pairs (left (L) and right (R) for the
parallel condition (P), and outer (O) and inner (I) for the mirror (M) condition). Asterisks indicate significant
differences between TE values for target pairs in the same row and condition. The TE values were smallest
for the upper targets of both conditions (dashed area) and largest for the lower-right target pair in the parallel
condition (dotted area). Error bars represent the standard error.

In conclusion, results from the current investigation indicate the importance of
considering the movement pattern and the target location when developing bimanual
efficient training protocols. Protocols similar to that used in this study can be
implemented prior to training to determine individual characteristics and customize
training type and duration accordingly.

References

[1] P.A. Wolf, G.P. Clagett, J.D. Easton, L.B. Goldstein, P.B. Gorelick, et al., Preventing ischemic
stroke in patients with prior stroke and transient ischemic attack : a statement for healthcare
professionals from the Stroke Council of the American Heart Association, Stroke 30 (1999),
1991-4.

[2] R. Bonita and R. Beaglehole, Recovery of motor function after stroke, Stroke 19 (1988), 1497-500.

[3] J.G. Broeks, G.J. Lankhorst, K. Rumping, and A.J. Prevo, The long-term outcome of arm function
after stroke: results of a follow-up study, Disabil Rehabil 21 (1999), 357-64.

[4] J. Liepert, H. Bauder, H.R. Wolfgang, W.H. Miltner, E. Taub, et al., Treatment-induced cortical
reorganization after stroke in humans, Stroke 31 (2000), 1210-6.

[5] "Outpatient rehabilitation among stroke survivors-21 States and the District of Columbia, 2005,"
Centers for Disease Control and Prevention2007.

[6] S.A. Combs, S.P. Kelly, R. Barton, M. Ivaska, and K. Nowak, Effects of an intensive, task-
specific rehabilitation program for individuals with chronic stroke: a case series, Disabil Rehabil
32 (2000), 669-78.

[7] M. Rijntjes, K. Haevernick, A. Barzel, H. van den Bussche, G. Ketels, et al., Repeat therapy for
chronic motor stroke: a pilot study for feasibility and efficacy, Neurorehabil Neural Repair 23
(2009), 275-80.

[8] K. Wing, J.V. Lynskey, and P.R. Bosch, Whole-body intensive rehabilitation is feasible and
effective in chronic stroke survivors: a retrospective data analysis, Top Stroke Rehabil 15 (2008),
247-55.



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]
[27]

[28]

[29]
[30]

(311

L.E. Kahn, P.S. Lum, W.Z. Rymer, and D.J. Reinkensmeyer, Robot-assisted movement training
for the stroke-impaired arm: Does it matter what the robot does?, J Rehabil Res Dev 43 (2006),
619-30.

G.N. Lewis and E.J. Perreault, An assessment of robot-assisted bimanual movements on upper
limb motor coordination following stroke, /EEE Trans Neural Syst Rehabil Eng 17 (2009), 595-
604.

P.S. Lum, C.G. Burgar, P.C. Shor, M. Majmundar, and M. Van der Loos, Robot-assisted
movement training compared with conventional therapy techniques for the rehabilitation of upper-
limb motor function after stroke, Arch Phys Med Rehabil 83 (2002), 952-9.

J.J. Summers, F.A. Kagerer, M.I. Garry, C.Y. Hiraga, A. Loftus, et al., Bilateral and unilateral
movement training on upper limb function in chronic stroke patients: A TMS study, J Neurol Sci
252 (2007), 76-82.

AR. Luft, S. McCombe-Waller, J. Whitall, L.W. Forrester, R. Macko, et al., Repetitive bilateral
arm training and motor cortex activation in chronic stroke: a randomized controlled trial, JAMA
292 (2004), 1853-61.

J.H. Cauraugh, S.A. Coombes, N. Lodha, S.K. Naik, and J.J. Summers, Upper extremity
improvements in chronic stroke: coupled bilateral load training, Restor Neurol Neurosci 27 (2009),
17-25.

C.G. Burgar, P.S. Lum, P.C. Shor, and H.F. Machiel Van der Loos, Development of robots for
rehabilitation therapy: the Palo Alto VA/Stanford experience, J Rehabil Res Dev 37 (2000), 663-
73.

S. Hesse, G. Schulte-Tigges, M. Konrad, A. Bardeleben, and C. Werner, Robot-assisted arm
trainer for the passive and active practice of bilateral forearm and wrist movements in hemiparetic
subjects, Arch Phys Med Rehabil 84 (2003), 915-20.

S. Hesse, C. Werner, M. Pohl, S. Rueckriem, J. Mehrholz, et al., Computerized arm training
improves the motor control of the severely affected arm after stroke: a single-blinded randomized
trial in two centers, Stroke 36 (2005), 1960-6.

J.J. Chang, W.L. Tung, W.L. Wu, M.H. Huang, and F.C. Su, Effects of robot-aided bilateral
force-induced isokinetic arm training combined with conventional rehabilitation on arm motor
function in patients with chronic stroke, Arch Phys Med Rehabil 88 (2007), 1332-8.

P.S. Lum, C.G. Burgar, M. Van der Loos, P.C. Shor, M. Majmundar, et al., MIME robotic device
for upper-limb neurorehabilitation in subacute stroke subjects: A follow-up study, J Rehabil Res
Dev 43 (2006), 631-42.

G.N. Lewis, W.D. Byblow, and R.G. Carson, Phasic modulation of corticomotor excitability
during passive movement of the upper limb: effects of movement frequency and muscle
specificity, Brain Res 900 (2001), 282-94.

Y. Uno, M. Kawato, and R. Suzuki, Formation and control of optimal trajectory in human
multijoint arm movement. Minimum torque-change model, Biol Cybern 61 (1989), 89-101.

R.A. Scheidt, D.J. Reinkensmeyer, M.A. Conditt, W.Z. Rymer, and F.A. Mussa-Ivaldi,
Persistence of motor adaptation during constrained, multi-joint, arm movements, J Neurophysiol
84 (2000), 853-62.

W.D. Byblow, Expressions of asymmetries and anchoring in bimanual coordination Human
Movement Science 13 (1994), 3-28.

G.N. Lewis and W.D. Byblow, Bimanual coordination dynamics in poststroke hemiparetics, J
Mot Behav 36 (2004), 174-88.

P.G. Zanone, A. Monno, J.J. Temprado, and M. Laurent, Shared dynamics of attentional cost and
pattern stability, Hum Mov Sci 20 (2001), 765-89.

M.A. Rogers, J.L. Bradshaw, R.C. Cunnington, and J.G. Phillips, Inter-limb coupling in
coordinated bimanual movement: attention and asymmetries, Laterality 3 (1998), 53-75.

R.G. Carson, The dynamics of isometric bimanual coordination, Exp Brain Res 105 (1995), 465-
76.

J.J. Temprado and S.P. Swinnen, Dynamics of learning and transfer of muscular and spatial
relative phase in bimanual coordination: evidence for abstract directional codes, Exp Brain Res
160 (2005), 180-8.

J.D. Fisk and M.A. Goodale, The organization of eye and limb movements during unrestricted
reaching to targets in contralateral and ipsilateral visual space, Exp Brain Res 60 (1985), 159-78.
R.B. Welch and R.B. Post, Accuracy and adaptation of reaching and pointing in pitched visual
environments, Percept Psychophys 58 (1996), 383-9.

E. Shneor and S. Hochstein, Eye dominance effects in feature search, Vision Res 46 (2006), 4258-
69.



