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Abstract
We are expanding the use of the MIT-MANUS robotics to persons with impairments due
exclusively to orthopedic disorders, with no neurological deficits. To understand the reliability of
repeated measurements of the robotic tasks and the potential for registering changes due to
learning is critical. Purposes of this study were to assess the learning effect of repeated exposure to
robotic evaluations and to demonstrate the ability to detect a change in protocol in outcome
measurements. Ten healthy, unimpaired subjects (mean age = 54.1 ± 6.4 years) performed six
repeated evaluations consisting of unconstrained reaching movements to targets and circle
drawing (with and without a visual template) on the MIT-MANUS. Reaching outcomes were
aiming error, mean and peak speed, movement smoothness and duration. Outcomes for circle
drawing were axis ratio metric and shoulder–elbow joint angles correlation metric (was based on a
two-link model of the human arm and calculated hand path during the motions). Repeated-
measures ANOVA (p ≤ .05) determined if difference existed between the sessions. Intraclass
correlations (R) were calculated. All variables were reliable, without learning across testing
sessions. Intraclass correlation values were good to high (reaching, R ≥ .80; circle drawing, R ≥ .
90). Robotic measurement ability to differentiate between similar but distinct tasks was
demonstrated as measured by axis ratio metric (p < .001) and joint correlation metric (p = .001).
Outcome measures of the MIT-MANUS proved to be reliable yet sensitive to change in healthy
adults without motor learning over the course of repeated measurements.
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Robotic-assisted interventions and evaluations have been applied to persons with chronic
upper limb neurological disorders (Fasoli et al., 2003; Fasoli, Krebs, Stein, et al., 2004;
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Ferraro et al., 2003; Kahn et al., 2001; Lum et al., 2002, 2004; Reinkensmeyer et al., 2000;
Volpe et al., 1999, 2000, 2001). These interventions consisted of reaching tasks that
employed models of motor learning engendering principles of task specificity, repetition,
progression, and feedback (Salmoni et al., 1984; Schmidt & Lee, 1998). In particular, we
previously have employed the MIT-MANUS, a robotic device capable of moving, guiding,
or perturbing movements of a patient’s paretic upper limb to delivery therapy (Dipietro et
al., 2007; Fasoli et al., 2003; Fasoli, Krebs, Ferraro, et al., 2004; Finley et al., 2005). In
addition, the device has been used as an evaluation tool for recording the patient’s self-
generated motions, thereby quantifying different features of motor performance (e.g.,
accuracy speed, coordination, smoothness) (Finley et al., 2005; Rohrer et al., 2002)
However, most studies evaluating robotic-assisted therapies have relied primarily on
traditional clinical measures of motor impairment such as the Fugl-Meyer as their primary
outcome (Fasoli, et al., 2003; Fasoli, Krebs, Stein, et al., 2004; Ferraro et al., 2003; Lum et
al., 2002, 2004; Reinkensmeyer et al., 2000). Only a few studies have reported on the robot-
derived outcomes (Dipietro et al., 2007; Finley et al., 2005; Rohrer et al., 2002). The MIT-
MANUS robot–generated outcome measures have demonstrated the ability to detect
significant improvements in motor performance even when the clinical measures revealed
only small changes (Finley et al., 2005; Rohrer et al., 2002). They can also provide means to
quantify aspects that have traditionally relied exclusively on qualitative observation, such as
smoothness of movement (Rohrer et al., 2002), tone (Palazzolo et al., 2007), and synergies
(Dipietro et al., 2007).

We are expanding the use of the MIT-MANUS to interventions for persons with
impairments due exclusively to musculoskeletal and orthopedic disorders with no
neurological deficits. In particular, we are employing the robotic device to deliver therapy
following postoperative tendon repairs. In this patient population, clinical scales are limited
and with questionable reliability and validity (Cook et al., 2001; Michener & Leggin, 2001;
Placzek et al., 2004). Therefore, robotic measurement of patient unconstrained movements
could be employed as the primary outcome. If these robot outcome measures are to be used
as primary outcomes to evaluate patients with impairments due to other than neurological
causes, it is important to demonstrate that repeated measures of these repetitive robot tasks
are insensitive to learning effects. In other words, we need to demonstrate stability of the
measures of these nonnovel tasks when evaluated via the robot and exclude the potential for
registering changes solely due to adaptation and learning the task and not to impairment
reduction. Furthermore, we must be sure that the stability of these results is not due to the
coarse or insensitive nature of the measurement. To test for the sensitivity or responsiveness
of the robotic measurement, we must demonstrate that even an apparent minor protocol
modification can be captured by the measurement.

Therefore, the purpose of this study was twofold: first to assess the potential learning effect
of repeated exposure to robotic testing on the MIT-MANUS outcome measures and second
to concomitantly demonstrate the ability of these robotic outcome measures to detect subtle
change in protocol in normal, healthy individuals. It was hypothesized that the robotic
outcome measures would be stable (no learning effect) in the absence of an intervention and
that robot measurements are sensitive enough to capture even an apparent minor
modification.

Methods
Participants

A convenience sample of 10 healthy, unimpaired, right-hand-dominant subjects (mean age =
54.1 ± 6.4 years; 6 females, 4 males) participated. Hand dominance was established as the
hand that participants used for writing (observed during consent signing) and personal
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activities (subject self-report on feeding, grooming, and throwing). All subjects were naïve
to the robot and in an effort to create a more novel task with the potential for learning, the
nondominant arm (left) was tested. The Baltimore Veterans Administration Medical Center
Research and Development Committee via the Institutional Review Board of the University
of Maryland School of Medicine and the Committee on the Use of Human Experimental
Subjects of the Massachusetts Institute of Technology approved this protocol, and each
subject provided informed consent before participation.

Protocol
To establish that the participants had no upper extremity impairment, and to establish that
they performed within normal performance of healthy adults, each subject underwent
repeated upper extremity clinical evaluations consisting of goniometrically measured range
of motion, strength via hand-held dynamometry (Kendall et al., 2005), Jebsen Hand
Function Test (Jebsen et al., 1969), and the nine-hole peg test (Oxford Grice et al., 2003).

To evaluate if a learning effect results from repeated exposure to robotic testing and to test
the reliability and stability of the robotic outcomes, subjects performed six robot evaluation
sessions, two sessions per day over three separate days. The majority of these sessions took
place within 2 weeks but two subjects extended into the third week owing to illness and
vacation. A robot evaluation session consisted of one reaching task and four circle-drawing
tasks. The evaluations were performed on the highly back-driveable low-friction MIT-
MANUS (Hogan et al., 1995; Krebs et al., 1998). Back-driveable robots have low end-point
impedance, thus ensuring a gently compliant behavior of the robot when interacting with the
subject. Therefore, the machine does not interfere with motion and allows the individual to
move freely. Back-driveability is a feature particularly important for rehabilitation robots,
and it is not usually found in traditional factory robots (Krebs & Hogan, 2006). The testing
protocol consisted of a reaching task and circle-drawing tasks (with and without a circular
template). For all robot tasks, the subjects were seated in a chair, centered in front of the
robot support table. A waist strap with vertical straps positioned anterior-medially to the
shoulders was applied during all training and evaluation sessions to limit/prevent forward
trunk compensation without impeding scapular motions (Figure 1). The robot reaching
evaluation required the subject to reach from the center target to eight peripheral targets
evenly distributed on a circle with radius of 14 cm and moving clockwise or
counterclockwise around the circle pattern—neither task with movement assistance. Twenty
trials of circle drawing (10 clockwise and 10 counterclockwise) were performed without a
template, with subjects instructed to “draw a medium sized circle,” and with instruction on
start point, direction, and end point (i.e., “If you think of a clock, begin at 9:00 and trace a
medium circle, going clockwise, and end at 9:00.”). A circular template of 14-cm radius was
then placed on the tabletop and participants were instructed to “trace the circle” for an
additional 20 trials. All subjects performed the tasks in the same order at each session
(reaching, circle drawing without template–clockwise/counterclockwise, circle drawing with
template–clockwise/counterclockwise).

Robotic Outcome Variables
For robotic reaching tasks, movement initiation was defined as the time when the speed first
became greater than 2% of the peak speed, and termination was defined when it dropped and
remained below the 2% threshold again. Outcome variables assessed for the reaching task
were aiming error (mean absolute angle between actual direction and a straight line between
start and target), mean speed (total displacement traveled over total movement duration),
peak speed, mean-to-peak speed ratio (mean speed divided by the peak speed is a metric of
movement smoothness; Rohrer et al., 2002), and movement duration.
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Outcomes for the circle-drawing tasks were an axis ratio metric and shoulder–elbow joint
angles correlation metric. The goodness of a circle was characterized by the axis ratio
metric, and its computation is described in detail elsewhere (Dipietro et al., 2007). The axis
ratio is a value from 0 to 1 and increases as the fitted ellipse approximates a circle (refer to
x-position and y-position of Figure 2) (Oliveira et al., 1996). The joint angle correlation
metric was based on the correlation between shoulder and elbow angles calculated from the
recorded hand paths and a two-link model of the human arm to calculate the inverse
kinematics (Yoshikawa, 1990). The model took into account the anthropometric
characteristics of the upper extremities of the participants. This metric characterizes the
independence of the subject’s shoulder and elbow joint movements and is described in detail
elsewhere (Dipietro et al., 2007). The joint correlation is a number between 0 and 1, with
lower values indicating greater isolation or independence of the shoulder and elbow joint
movements.

Analysis
Repeated-measures ANOVA (p ≤ .05) was used to determine if differences existed in the
functional evaluation measures (Jebsen hand function test; Jebsen et al., 1969), nine-hole
peg test (Oxford Grice et al., 2003) and clinical measures (range of motion and strength)
between the two baseline tests. Descriptive statistics of mean and standard error of the mean
were then calculated (Tables 1 and 2).

Repeated-measures ANOVA (p ≤ .05) determined if differences existed between the six
testing sessions. Tukey post hoc analysis was performed with significant F-ratios. To
determine the reproducibility of measures (relative reliability), the intraclass correlation
coefficient (ICC) was calculated as the ratio of variance between subjects and the total
variance (two-way ANOVA model, ICC) (Beckerman et al., 2001): ICC ≥ 0.60 was
accepted as fair reliability, ICC ≥ 0.75 as good reliability, and ICC ≥ 0.90 as high reliability
(Baumgartner, 1989; Shrout & Fleiss, 1979).

To determine if learning occurred within the initial test session (intrasession) repeated-
measures ANOVA (p ≤ .05) was performed on the initial 20 repetitions of circle drawing.
Two-way repeated-measures ANOVA (p ≤ .05) determined if differences existed in the axis
ratio metric and joint correlation metric between the testing sessions (Tests 1–6) and
between the two visual conditions (with and without template). Test–retest reliability (ICC)
was evaluated as described above for reaching variables (Baumgartner, 1989; Shrout &
Fleiss, 1979)

Results
The clinical measures and functional tests were all stable between the repeated testing
sessions (all variables, p ≥ .09). Upper extremity ranges of motion and strength measures for
all subjects were found to be within normal limits for healthy adults (Table 1) (Kendall et
al., 2005). These values are the outcome goals following rehabilitation of most upper
extremity orthopedic disorders. Functional measures were also found to be within ranges of
normal healthy adults (Jebsen et al., 1969; Oxford Grice et al., 2003).

Results indicated that the reaching and circle-drawing variables were reliable, without a
learning effect occurring within the initial testing session or across numerous testing
sessions (Table 3). No difference in any of the remaining variables among any of the six test
sessions occurred. All ICC values for reaching task outcomes were good with the circle
variables, demonstrating high reliability (Table 3). Both outcome variables for circle
drawing were found to be better (higher axis ratio, lower joint correlation) for the template
condition (p < .001) as compared with the task without a template.
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Discussion
As we continue to expand the use of rehabilitation robotics, we must understand the
reliability and sensitivity of repeated measurements of repetitive tasks measured by the
robot. In particular, it will be important that a positive change recorded can be attributed to
impairment reduction and not to a learning effect. In normal unimpaired healthy adults, there
was no learning effect due to repeated use of the robot. The highly back-driveable and low-
friction MIT-MANUS was “transparent” to the user, showing that the robot dynamics and
adaptation, as measured by the specific metrics, was invariant to repeated measurements. In
other words, its use did not interfere with the repetitive point-to-point movements and no
adaptation or learning was observed. The robotic-derived outcomes are stable in repeated
measurements, within and across testing sessions.

Past studies of patients with stroke have used clinical scales as primary outcomes to evaluate
roboticassisted intervention (Aisen et al., 1997; Fasoli, Krebs, Ferraro, et al., 2004; Volpe et
al., 2000). Future studies will be using the MIT-MANUS and other highly back-driveable
low-friction robots as an evaluation tool in patients with musculoskeletal or orthopedic
impairments for which the robot measures will be critical. The assessment of robot
“transparency” is critical in drawing conclusions regarding the benefits of the robotic
interventions based on these robotic evaluations. The findings of this study allow an
investigator to conclude that observed changes are due to the particular robotic intervention
employed and not due to participants “simply adapting or learning” how to perform the task
better with the robot.

In addition to the above findings of no learning effect and sensitivity to change, another
application of our results is that our tests were performed in a population that was age-
matched to a population of adults with musculoskeletal impairments to be studied in the near
future. Thus the current data provides profiles of comparison values for the reaching task
variables in unimpaired adults to be used in comparisons to patient populations.

Zelaznik and Lantero reported that a loss of vision resulted in variability of circle size,
shape, and location (Zelaznik & Lantero, 1996). Although our conditions were not exactly
the same (use of a visual guidance template and without a template versus with vision and
removal of vision; Zelaznik & Lantero, 1996), our findings supported our hypothesis that the
robot outcomes would be able to detect the change in these conditions. Specifically, the joint
correlation, which is a measure of ability to isolate movements of the shoulder and the
elbow, was different between the conditions in all tests. This outcome variable and the axis
ratio could provide quantification of movement substitutions following injury or surgery for
tendon repairs. Contrary to coarse clinical scales, robotic measurements excel in sensitivity
with great resolution. Even an apparently small change in the evaluation protocol, as in the
presence of a template on the table during the circle-drawing task, can be detected and
discriminated by our robotic measurements. This supports the potential for the robotic
outcomes to detect changes in advance of clinically measured changes.

In an effort to create a novel task, participants performed the testing using their nondominant
limb. Although hand dominance was determined by observation of patients writing and in
agreement with questions on hand preference for performance of personal activities
(feeding, grooming, and throwing), the lack of using a valid and reliable tool for
determination of hand dominance is a limitation within this study. In addition, the small
variation in time intervals between testing sessions may have altered the results and in future
studies should be tightly controlled to reduce potential bias. The lack of randomization in the
template condition is a limitation of the study. Future studies on patients and unimpaired
individuals should have a random presentation of the circle drawing conditions.
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The outcome measures with a highly back-driveable robot, the MIT-MANUS, are reliable
and stable in normal, unimpaired healthy adults when performing the repetitive tasks of
reaching and circle drawing. Motor adaptation or learning does not occur over the course of
repeated exposure to the testing procedures. The MIT-MANUS-derived robotic metrics are
sensitive to even slight changes in protocol, therefore, potentially able to determine changes
in advance of clinical measures. Since the clinical scales for orthopedic impairments are
limited and these robot outcome measures are shown to be reliable and sensitive, they can be
used in future investigations as primary outcomes to evaluate patients with orthopedic
conditions. In addition, the present data set serves as a small comparison group to future
orthopedic populations.
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Figure 1.
Photograph of a participant performing the point-to-point reaching task of the evaluation.
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Figure 2.
Circle drawing of one representative subject, one trial. Thin circle (outside) calculated
ellipse, thicker (inner circle) is the subject’s drawing. Top panel: Circle drawing without
template. Bottom panel: Circle drawing with template.
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