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Abstract—This paper presents the analysis of four psychophysiological responses in post-stroke upper extremity rehabilitation.
The goal was to determine which psychophysiological responses
would provide the most reliable information about subjects’ psychological states during rehabilitation. Heart rate, skin conductance, respiration, and skin temperature were recorded in a stroke
group and a control group during two difficulty levels of a pickand-place task performed in a virtual environment using a haptic
robot and during a cognitive task. Psychophysiological measurements were correlated with results of a self-report questionnaire.
All four responses showed significant changes in response to the
different tasks. Skin conductance differentiated between the two
difficulty levels and was correlated with self-reported arousal in
both stroke and control groups. Skin temperature differentiated
between the two difficulty levels for the control group, but provided poor results for the stroke group. Heart rate and respiration increased during tasks, but their connection to psychological
state was unclear. Results suggest that, of the four measured responses, skin conductance offers the most potential as a psychological state indicator, with other measures providing supplementary information. Psychophysiological measurements could thus be
used in closed-loop biocooperative systems that would detect the
user’s psychological state and change the course of therapy accordingly.
Index Terms—Biocooperative robotics, human factors, multimodal interfaces, psychophysiological measurements, rehabilitation robotics, stroke.

I. INTRODUCTION
OBOTIC interfaces are becoming increasingly common
in motor rehabilitation [1], [2]. Such devices enable more
intensive therapy and offer an objective estimation of the patient’s motor performance and functional improvement [3]. Rehabilitation can be additionally enhanced by combining robots
with virtual reality [4]–[6]. Such systems improve patient motivation by allowing exercise in interesting, varied virtual environments. However, while rehabilitation robots can provide objective information about a patient’s motor performance, they
do not offer insight into his or her psychological state: mood,
motivation, engagement, etc. Such factors, however, are known
to be very positive to the success of rehabilitation, and encour-
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aging nonmotivated stroke patients improves the likelihood of
their eventual recovery [7], [8]. Thus, a quantitative method of
measuring patients’ psychological states during rehabilitation
would be very useful.
One possible way for rehabilitation robots to sense a patient’s
psychological state would be through the use of psychophysiological measurements. Psychophysiological measurements
are defined as the measurements of physiological responses to
changes in psychological state. They have been used to assess
mood and engagement in a variety of settings and applications,
including computer games [9] and virtual reality exposure
therapy [10]. Such measurements are noninvasive and can be
obtained without the subject’s active cooperation, thus allowing
the subject to focus on the task at hand. They can be divided
into measurements of the central nervous system (electroencephalography, functional magnetic resonance imaging, etc.)
and measurements of the autonomic nervous system.
Our paper focuses primarily on four measurements of the autonomic nervous system, for which the required equipment is
relatively inexpensive and easy to apply to the subject: heart
rate, skin conductance, respiration, and skin temperature. Previous studies have shown that heart rate increases and heart
rate variability decreases as a response to cognitive workload
[11]–[13]. However, interpretations of heart rate are still controversial, with sometimes conflicting results from different studies
(see [14] for examples). Skin conductance increases with general psychological arousal and cognitive workload [12], [15],
[16]. Respiratory rate also increases with arousal and cognitive workload [11] while respiratory variability decreases during
mentally demanding tasks [17]. Skin temperature decreases as
a result of cognitive workload [18] as well as a result of tension
or anxiety [19].
However, there are two issues with using psychophysiological measurements in motor rehabilitation. First, physiological
responses are influenced not only by a person’s psychological
state, but also by physical activity. Thus, most psychophysiological studies try to limit physical activity. This is not possible in motor rehabilitation. Second, motor rehabilitation is
often performed with patients who have suffered damage to the
autonomic nervous system. Stroke patients, for instance, show
long-lasting abnormalities in sweating and heart rate variability
[20].
We were specifically interested in whether psychophysiological responses could be harnessed for use in closed-loop biocooperative systems that could adapt therapy based on the state of
the subject. Prototypes of closed-loop psychophysiological systems have been developed for applications such as flight simulators [15]. However, since stroke patients show physiological
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abnormalities, we were uncertain whether psychophysiological
responses would provide any useful information in a task with
no physical workload, let alone a physically demanding rehabilitation task.
The goal of our study was to answer four questions.
1) How different are stroke patients’ physiological responses
from responses of healthy subjects?
2) Do stroke patients show distinctive psychophysiological responses to a physically undemanding task despite
damage to the autonomic nervous system?
3) Do stroke patients show distinctive psychophysiological
responses to a motor rehabilitation task despite damage
to the autonomic nervous system and effects of physical
workload?
4) Which physiological responses would provide the most reliable information about subjects’ psychological states in
motor rehabilitation?
To answer our questions, stroke patients and a healthy control
group were presented with two tasks. The first was a task that
required only cognitive effort with no movement of the afflicted
arm. The second was a reaching and grasping exercise task performed in a multimodal environment. Psychophysiological data
from both tasks were compared between the stroke and control
groups.

Fig. 1. A subject performing the virtual rehabilitation task. The subject performs the task using the robot (1) and grasping device (2) while his/her arm is
supported by cuffs (3). The screen (4) shows a sloped table, a ball (5) and a
basket (6).

Before the study began, ethical approval was obtained both
from the National Medical Ethics Committee of the Republic of
Slovenia and from the Medical Ethics Committee of the Institute
for Rehabilitation of the Republic of Slovenia.

able to communicate and comprehend the tasks without problems. The other two subjects had lower scores due to dysphasia.
These two were interviewed by a clinical expert and approved
for participation in the study. Score on the FIM was 101 13
(out of a possible 126).
The control group consisted of 23 subjects (age 50.5 12.6
years, age range 24–68 years, 16 males, 7 females) with no
major physical or cognitive defects. All were right-handed. To
better match the control group and the stroke group, 13 controls
performed the tasks with their left hand while 10 performed the
tasks with their right hand.

B. Subjects

C. Hardware

The stroke group consisted of 23 subjects (age 51.0 13.3
years, age range 23–69 years, 16 males, 7 females). They were
diagnosed with subarachnoid hemorrhage (4 subjects), intracerebral hemorrhage (9 subjects) or cerebral infarction (10 subjects). As a result of the stroke, 13 suffered from hemiparesis
of the left side of the body and 10 suffered from hemiparesis
of the right side of the body. All were right-handed before the
stroke. All were undergoing motor rehabilitation at the Institute
for Rehabilitation of the Republic of Slovenia. Time between
79 days.
stroke onset and the experiment session was 154
A majority of the group had received secondary stroke prevention drugs (including antihypertensives) prior to participation in
the study. Three had received insulin due to diabetes (but had
no diabetes-related complications), two had received ischemic
heart disease treatment drugs, five had received SSRIs, three
had received low doses of antiepileptics (preventive doses following aneurysm surgery), three had received short-acting sedatives and one had received a low dose of antipsychotics.
A day before the session, subjects in the stroke group were
tested with both the mini-mental state examination (MMSE)
[21] and the functional independence measure (FIM) [22]. Score
on the MMSE was 27.2 3.6 (out of a possible 30). All but three
subjects scored between 26 and 30. Of the remaining three, one
scored 24 but was not excluded from the study since he was

The HapticMaster robot [23], developed by Moog FCS, was
used as the haptic interface. This robot offers movement with
three degrees-of-freedom. The end-point is equipped with force
sensors. A two-axis gimbal with a two-degree-of-freedom passive grasping module instrumented with force cells is attached
to the end-point of the robot [24]. The subject’s arm was additionally supported by two cuffs fastened above and below the
elbow. These cuffs were connected to a pulley which applied
a constant torque in order to compensate for the gravity acting
on the subject’s arm. A 1.4 1.4-m screen was used to display
visual data. Subjects sat approximately 1.25 m in front of the
screen, with the robot situated between the seat and the screen
(Fig. 1).
Physiological signals were sampled at 2.4 kHz using a g.USBamp signal amplifier (g.tec Medical Engineering GmbH). The
electrocardiogram (ECG) was recorded using four disposable
surface electrodes placed in a configuration suggested by the
manufacturer of the signal amplifier (one electrode on the left
part of the chest, one on the right part of the chest, one on the
left part of the abdomen, and a ground electrode on the upper
left part of the back). Skin conductance was measured using a
g.GSR sensor (g.tec). The electrodes were placed on the medial phalanxes of the second and third fingers of the unaffected
hand. The sensor generated a constant voltage between the two

II. MATERIALS AND METHODS
A. Ethical Approval
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electrodes and measured the current between the electrodes in
order to estimate skin conductance. Respiratory rate was obtained using a thermistor-based SleepSense Flow sensor placed
beneath the nose. Peripheral skin temperature was measured
using a g.TEMP sensor (g.tec) attached to the distal phalanx of
the fifth finger of the unaffected hand.

task is less complex and less cognitively demanding since it does
not require lifting movements, does not provide visual stimuli
and is not timed. Thus, since psychophysiological responses are
strongly influenced by cognitive workload, the physical control
task should evoke weaker psychophysiological responses.

D. Virtual Rehabilitation Task

In addition to the VR task, subjects were presented with a
task that required only cognitive effort. We used a variant of the
Stroop word-color interference task [26] that has been extensively studied by psychologists. Subjects were shown a word on
the screen. The word was either “red,” “blue,” or “green.” The
color of the letters was also red, blue or green—but the word
and the color of the letters did not always match. Subjects were
given a keypad with three grey buttons, with the words “red,”
“blue,” and “green” written above the buttons in black. They
were told to ignore the meaning of the word and, as quickly as
possible, press the button corresponding to the color with which
the word was written. Once a button was pressed, a new word
was generated. Occasionally, however, the word was generated
in black color. In this case, subjects had to push the button corresponding to the meaning of the word rather than its color. The
words were randomly generated with the following probabilities: 40% chance of word with matching color, 40% chance of
word with different color, 20% chance of word in black.
The two subjects with dysphasia were excluded from the
Stroop task.

The virtual rehabilitation (VR) task combines reaching and
grasping exercise. A photograph of a subject performing the task
using the robot is shown in Fig. 1. In the center of the screen,
there is a table sloped toward the subject. At the beginning of the
task, a ball appears at the top of the slope and starts rolling downward. The subject’s goal is to catch the ball before it reaches the
lower end of the table. Once the ball is grasped, a basket appears
above the table. The subject must then hold the ball and place it
in the basket. Once the ball is dropped into the basket or falls off
the table, another ball appears at the top of the table, the basket
disappears and the task continues. The robot allows the subject
to feel each virtual item.
The robot offers various modes of support. If a subject is unable to perform any or all of the following, the robot will actively guide his or her arm in order to move left or right and
reach the ball, squeeze the grasping device in order to grasp the
ball, and/or lift the ball into the basket. For reaching support
(left–right movements), the robot pulls the subject’s hand toward the ball with a maximum force of 10 N. The subject can
thus reinforce or resist the robot’s guiding force with his or her
active arm movement. If the subject does not resist the robot,
the reaching support system will reach the ball in a majority of
cases (but may miss the ball if the starting position of the subject’s hand is sufficiently far away from the ball). For grasping
support, the robot automatically grasps the ball as long as the
subject’s hand is in the correct position, regardless of whether
the subject is squeezing the grasping module. For lifting support, the subject’s hand is pulled along a predefined trajectory
[25] toward the basket. The subject can reinforce or resist the
guiding force with his or her active arm movement. If the subject
does not resist lifting support or release the ball, the ball will always be successfully placed into the basket by the lifting support
system. Four subjects in the stroke group required reaching support, seven required grasping support, and eight required lifting
support (with some subjects requiring multiple types of support). The control group did not receive any support from the
robot.
A second, harder version of the task (henceforth referred to as
the harder VR task) was also designed. Meant to be more mentally demanding but equally physically demanding, the harder
VR task had inverted left–right controls. If the subject moved
his or her arm to the left, the virtual hand on the screen moved
right (and vice–versa).
In addition to the VR task, we also wished to evaluate psychophysiological responses to a less complex task. To this end,
a physical control task was introduced where subjects moved
the robot left and right at a moderate speed while nothing was
shown on the display and all force feedback was disabled. While
both the physical control task and the VR task require reaching
and some degree of coordinated movement, the physical control

E. Cognitive Task

F. Questionnaires
During the experiment, subjects were periodically presented
with nine-point arousal and valence scales from the Self-Assessment Manikin (SAM) [27]. These scales allow subjects to
rate their level of emotional valence and arousal graphically by
choosing the picture that best represents their current mood. Valence (sometimes also called pleasure) is defined as positive
versus negative affective states (e.g., humiliation, disinterest,
and anger at one end versus excitement, relaxation, and tranquility at the other end) while arousal is defined in terms of
mental alertness and physical activity (e.g., sleep, inactivity,
boredom, and relaxation at the lower end versus wakefulness,
tension, exercise, and concentration at the higher end) [28]. Valence and arousal were converted to numerical values for purposes of analysis. For valence, 1 represented extremely negative valence while 9 represented extremely positive valence.
For arousal, 1 represented extremely low arousal while 9 represented extremely high arousal. The SAM was chosen over other
questionnaires for two reasons. First, the physiological effects
of arousal and valence are well-documented (see [14] for examples). Second, the SAM is graphical in nature and thus very
simple to use; in pretesting, some subjects in the stroke group
had difficulty comprehending more complex self-report questionnaires. Despite this simplicity, the SAM has been shown to
yield results similar to those of more complex self-report scales
such as the semantic differential [27].
G. Experiment Protocol
The experiment was conducted in a dedicated room at the
Institute for Rehabilitation of the Republic of Slovenia. Three
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people were present: the subject, experiment supervisor and occupational therapist. Upon arrival, subjects were informed of
the purpose and procedure of the experiment, then signed an
informed consent form. Then, they were seated in front of the
robot. The affected arm was strapped into the cuffs and grasping
device, and the physiological sensors were attached. The normal
VR task was demonstrated, and subjects were allowed to practice it briefly. Each subject practiced for at least 2 min, and more
time was given to any subject who had not yet attained a basic
level of proficiency. During practice, the three modes of support
were set manually for each subject. Then, subjects went through
the following procedure: rest period, physical control task, rest
period, normal VR task, harder VR task.
After the harder VR task, the keypad used for the Stroop task
was strapped to the subject’s upper leg so that it would not fall
off. The Stroop task was explained and demonstrated, and at
least 2 min were once again given to practice. Then, subjects
went through a 3-min rest period followed by the Stroop task.
They pushed the buttons on the keypad with the thumb of their
unaffected hand. The skin conductance and skin temperature
sensors were not removed, but remained on the other fingers
of the unaffected hand. While this may have affected measurements, it was necessary since many subjects were unable to push
buttons with the affected hand. After the Stroop task, the experiment was concluded and a brief informal interview was conducted.
Each task and rest period lasted 3 min, and the SAM was presented on the screen after each period. Subjects verbally made a
selection for both arousal and valence scales. Subjects remained
quiet during rest, as these periods served as baseline periods for
physiological measurements.
While the experiment supervisor and occupational therapist
maintained silence in the room during most baseline and task
periods, the therapist was permitted to provide verbal guidance
and encouragement during the VR task. This was unavoidable,
as some subjects in the stroke group required guidance to perform the task without becoming excessively frustrated. To establish similar conditions, the therapist also provided verbal guidance to the control group. If guidance was not necessary, encouraging statements were provided to ensure that all subjects
were verbally stimulated.
H. Evaluation of Task Performance and Work
In both versions of the VR task, performance was evaluated
using three parameters: percentage of caught balls, percentage
of balls placed into the basket (calculated as percentage of all
balls in the period, not as percentage of caught balls), and total
work performed during the entire period. Work was calculated
as the integral of power (force times velocity), with force data
obtained from the robot’s force sensors and velocity data obtained from the robot’s movement sensors.
The percentage of caught balls was calculated only for subjects who did not receive catching support from the robot while
the percentage of balls placed into the basket was calculated
only for subjects who received neither catching nor lifting assistance. In the Stroop task, performance was evaluated using
two parameters: percentage of correct answers (i.e., correctly
chosen colors) and the mean answer time (the interval from the

moment a color was displayed to the moment the subject pressed
any button).
I. Physiological Signal Processing
Each subject’s physiological signals were recorded during the
experiment. Afterwards, the signals were analyzed offline and
several parameters were extracted for each 3-min period. From
the ECG, mean heart rate as well as two standardized measures
of heart rate variability (HRV) were calculated: the standard deviation of NN intervals (SDNN) and the square root of the mean
squared differences of successive NN intervals (RMSSD) [29].
The skin conductance signal can be divided into two components: the skin conductance level (SCL) and skin conductance
responses (SCRs). The SCL is the baseline level of skin conductance in the absence of any discrete environmental event. Mean
SCL was calculated. SCRs are transient increases in skin conductance. An increase in skin conductance was classified as a
and its peak occurred
SCR if its amplitude exceeded 0.05
less than 5 s after the beginning of the increase. SCR frequency
and mean SCR amplitude were calculated. The signal obtained
from the respiration sensor was a signal which increased during
inspiration and decreased during expiration. Mean respiratory
rate was calculated by measuring distances between two consecutive peaks. Respiratory rate variability was estimated by
calculating the standard deviation of the respiratory rate time
series.
Final skin temperature was calculated as the mean temperature during the last five seconds of each period.
Although changes in psychological state naturally do occur in
the course of each 3-min period, each parameter was calculated
over the entire period. This is because some parameters (e.g.,
HRV, SCR frequency) can only be calculated over a period of
several minutes while others (e.g., skin temperature) change relatively slowly in response to stimuli.
J. Data Analysis
The first step of the data analysis was to examine performance
and work during the two levels of the VR task and the Stroop
task. For the two levels of the VR task, a mixed-design analysis
of variance (ANOVA) with one between-subjects factor (group:
stroke or control) and one within-subjects factor (task difficulty:
normal or harder VR task) was used for each parameter. For the
Stroop task, t-tests were used to compare the two performance
parameters between groups. The goal of this step was to determine whether the control group performed better than the stroke
group and whether performance during the harder VR task was
worse than during the normal VR task.
The second step of the data analysis was to compare absolute values of psychophysiological parameters between baseline and task periods. This was done separately for each task
in a mixed-design ANOVA with one between-subjects factor
(group: stroke or control) and one within-subject factor (period type: baseline or task). The goal of this step was to determine whether baseline values of physiological parameters are
different between the groups, whether each task causes significant psychophysiological changes and whether these changes
are different between the stroke and control groups.
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The third step of the data analysis was to compare relative
values of psychophysiological parameters between the different
task periods. Relative values of physiological parameters were
defined by either subtracting the preceding baseline value from
the task value or by subtracting the preceding baseline value
from the task value and dividing the result by the baseline value.
The second definition was used for those parameters where
baseline values varied highly among subjects: both measures
of HRV (SDNN and RMSSD), SCR frequency, and respiratory
rate variability. The comparison of relative values was done
in a mixed-design ANOVA with one between-subjects factor
(group: stroke or control) and one within-subjects factor (task
type: physical control task, normal VR task, harder VR task,
and Stroop task). The goal of this step was to determine whether
the different task periods cause different psychophysiological
responses at an aggregate level. For instance, the harder VR
task could evoke larger psychophysiological responses than the
normal VR task since most subjects can be expected to find it
more cognitively demanding.
The fourth step of the data analysis was to correlate relative
values of psychophysiological parameters with results of the
SAM and with performance data. Spearman correlations were
used in cases involving results of the SAM (where the data is ordinal). Pearson correlations were used in other cases. The goal
of this step was to analyze the connections between physiological and nonphysiological responses. For instance, due to the
large differences between subjects, it is entirely possible that the
ANOVAs performed in the previous step would show no significant difference between the normal and harder VR task. However, a correlation would show that the psychophysiological response to a task does depend on the subject’s arousal, valence,
or performance during the task.
It should be noted that four subjects from the stroke group (including the two with dysphasia) and two from the control group
reported no changes in valence or arousal during the experiment. Such a lack of changes in self-reported arousal is likely to
be the result of a misunderstanding of the SAM. In fact, during
the final informal interview, three of these six subjects mentioned how active they were during the tasks compared to the
baseline period. Thus, these subjects’ SAM results were considered unreliable and discarded.
.
The threshold for significance was always set at
are not
Due to space constraints, most results with
reported. For significant effects in ANOVA, effect size for a
factor is also reported as partial (the proportion of total variability attributable to the factor, excluding other factors from
the total nonerror variation) [30]. The Sidak correction for multiple comparisons was used for all post-hoc tests. The HuynhFeldt correction was used in cases of violations of sphericity in
ANOVA. The Kolmogorov-Smirnov test with Lilliefors’ modification was used to test for normality.
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the basket. In the harder VR task, the stroke group caught 48%
of balls and placed 36% of balls into the basket while the control
group caught 51% of balls and placed 44% of balls into the
basket. As previously stated, these percentages were calculated
only for subjects who did not receive the relevant haptic support.
In the two levels of the VR task, there was a main effect of task
difficulty (normal versus harder task) on percentage of caught
, partial
), percentage of balls placed
balls (
, partial
), and total work
into the basket (
, partial
). There was also a main effect
(
of group (stroke versus control) on percentage of caught balls
, partial
), percentage of balls placed into
(
, partial
), and total work (
the basket (
, partial
). There was an effect of interaction
between task difficulty and group for percentage of caught balls
, partial
), percentage of balls placed
(
, partial
), and total work
into the basket (
, partial
). Post-hoc tests showed that
(
; control:
both groups caught fewer balls (stroke:
) and placed fewer balls into the basket (stroke:
; control:
) in the harder VR task. The control
group performed less total work in the harder VR task than in
the normal VR task (46.9 17.4 J versus 38.2 13.7 J,
) while the difference was not significant for the stroke
group (30.1 9.2 J versus 30.5 8.2 J).
In the Stroop task, the control group had a higher percentage
of correct answers (stroke: 93.9 5.6%; control: 97.9 4.9%;
) and lower mean answer time (stroke: 2.8 1.6 s;
).
control: 2.0 1.2 s;
B. Temporal Changes of Psychophysiological Signals
The usefulness of psychophysiological signals strongly depends on how quickly and how strongly the signals react to
stimuli. The physiological signals of a typical control subject
during baseline (rest), the physical control task and the normal
VR task are shown in Figs. 2, 3 and 4 in order to illustrate how
quickly and how much the signals change. For skin conductance
(Fig. 2), an increase can be seen during tasks (with the signal
responding to the beginning of the task within seconds), and
this general increase is gauged by mean SCL. Additionally, a
greater number of brief increases in the skin conductance signal
appear during the two task periods—there is a higher SCR frequency. For skin temperature (Fig. 3), there is a slight decrease
during the physical control task followed by a return to baseline as well as a larger decrease during the VR task (although
temperature only begins decreasing approximately half a minute
after the task begins). Heart rate (Fig. 4) shows high variability
during both baseline and task periods, but increases during tasks
(though not as quickly as skin conductance). Respiratory rate
is not shown since most subjects’ differences between baseline
and task periods were obscured by the high variability of the
signal.

III. RESULTS
C. Baseline-Task Comparisons
A. Performance and Work
In the normal VR task, the stroke group caught 63% of all
balls placed and placed 51% of all balls into the basket while the
control group caught 84% of balls and placed 72% of balls into

Comparison of absolute values of psychophysiological parameters between baseline and task periods was done separately
for each task in a mixed-design ANOVA. Table I shows differences between baseline and task for all four task periods and for
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Fig. 2. A typical subject’s skin conductance as a function of time during two
baseline periods, the physical control task and the virtual rehabilitation task. The
initial value was defined as zero.

Fig. 3. A typical subject’s skin temperature as a function of time during two
baseline periods, the physical control task and the virtual rehabilitation task.

Fig. 4. A typical subject’s heart rate as a function of time during two baseline
periods, the physical control task and the virtual rehabilitation task.

both groups, as well as the main effect size of time period (baseline versus task).
Significant effects of group (stroke versus control) were
in physical control task
found for arousal (partial
and 0.11 in normal VR task; higher arousal in stroke group
in physical
in both cases), mean heart rate (partial
control task, 0.18 in normal VR task and 0.15 in harder VR
task; higher mean heart rate in stroke group in all cases) and
in physical control task, 0.21 in
SDNN (partial
normal VR task, 0.27 in harder VR task and 0.21 in Stroop
task; lower SDNN in stroke group in all cases).
Significant effects of group-time period interaction were
in harder VR task; the confound for arousal (partial
trol group showed a larger increase in arousal), mean heart rate
in physical control task, 0.15 in harder VR
(partial
task and 0.14 in Stroop task; the control group showed a larger
increase in heart rate in all cases), RMSSD (partial
in physical control task and 0.19 in normal VR task; the control
group showed a smaller increase in RMSSD in both cases),

in normal VR task and
mean SCR amplitude (partial
0.15 in Stroop task; the control group showed a larger increase
in SCR amplitude in both cases), and final skin temperature
in harder VR task and 0.11 in Stroop task;
(partial
the control group showed a larger decrease in skin temperature
in both cases).
In order to better illustrate some of the findings, Figs. 5, 6, 7
and 8 show box plots of differences between baseline and task
for four physiological parameters: mean SCL, final skin temperature, mean heart rate and mean SCR amplitude. A positive
value represents an increase from baseline.
D. Comparison of Relative Values Between Tasks
The comparison of relative values was done in a mixed-design ANOVA with one between-subjects factor (group: stroke
or control) and one within-subjects factor (task type: physical
control task, normal VR task, harder VR task and Stroop task).
As the focus was primarily on differences between the physical
control task and the two versions of the VR task, differences
between the Stroop task and the other three task periods are not
reported.
Analysis of self-reported arousal found an effect of task type
, partial
). Post-hoc tests found higher
(
arousal in the harder VR task than in the physical control task
and the normal VR task
. There
was also an effect of interaction between task type and group
, partial
). Post-hoc tests found that the
(
control group showed significant differences between the physical control task, the normal VR task and the harder VR task
for all three pairwise comparisons), but that the
(
stroke group showed no significant differences in arousal between these three tasks.
,
Analysis of SDNN found an effect of task type (
). However, post-hoc tests found that the only
partial
significant differences were between the Stroop task and the
other tasks. Similarly, analysis of RMSSD found an effect of task
, partial
), but post-hoc tests found no
type (
significant differences between the tasks.
Analysis of respiratory rate variability found an effect of task
, partial
), but post-hoc tests found
type (
no significant differences between the tasks. There was also an
,
effect of interaction between task type and group (
partial
). Post-hoc tests showed a difference between
the physical control task and the harder rehabilitation task in the
control group, but no difference in the stroke group.
Analysis of mean SCL (Fig. 5) found an effect of task type
, partial
). Post-hoc tests showed signifi(
for all three
cant differences between all three tasks (
pairwise comparisons).
Analysis of mean SCR amplitude (Fig. 8) found an effect of
, partial
), but post-hoc tests
task type (
found no significant differences between the tasks. There was
, partial
).
also an effect of group (
Analysis of final skin temperature (Fig. 6) found an effect of
, partial
). Post-hoc tests found
task type (
that temperature was lower in the normal VR task than in the
. There was also an effect of
physical control task
group (
, partial
) and an effect of interaction
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TABLE I

DIFFERENCES BETWEEN BASELINE AND TASK (MEAN

6 STANDARD DEVIATION) AND MAIN EFFECT SIZE OF BASELINE-TASK

bpm = beats per minute or breaths per minute. %= percentage of baseline value. S = microsiemens. K = kelvin.
p:  = partial eta squared value for main e ect of time period (baseline versus task). Asterisks indicate significance of effect at p
p < 0:01( ).
Main effect size of group (stroke versus control) and interaction effects are listed separately in text.

0

Fig. 5. Changes in mean SCL as a response to different tasks. CT = physical
control task, VR = normal virtual rehabilitation task, VR-hard = harder virtual
rehabilitation task.

< 0:05( ) or

Fig. 7. Changes in mean heart rate as a response to different tasks. CT = physical control task, VR = normal virtual rehabilitation task, VR-hard = harder virtual rehabilitation task.

Fig. 6. Changes in final skin temperature as a response to different tasks. CT =
physical control task, VR = normal virtual rehabilitation task, VR-hard = harder
virtual rehabilitation task.

between task type and group (
, partial
).
Post-hoc tests found that, in the stroke group, temperature in
the normal VR task was lower than in both the physical control
task and the harder VR task. In the control group, temperature
in the harder VR task was lower than in the physical control task
and the normal VR task.

Fig. 8. Changes in mean SCR amplitude as a response to different tasks. CT =
physical control task, VR = normal virtual rehabilitation task, VR-hard = harder
virtual rehabilitation task.

E. Correlations—Arousal, Valence, Performance, and Work
There was no significant correlation between valence and
arousal during any of the tasks in either patients or controls.
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For the control group, neither arousal nor valence was correlated with performance in the VR task or physical control task.
In the Stroop task, valence was correlated with the percentage
,
).
of correct answers (
For the stroke group, arousal in the VR task was correlated
,
with the percentage of balls placed into the basket (
) while valence was correlated with the percentage of
caught balls (
,
) and the percentage of balls
,
). In the Stroop
placed into the basket (
task, valence was correlated with the percentage of correct an,
). Neither arousal nor valence was
swers (
significantly correlated with work in the physical control task.
F. Correlations—Arousal and Physiology
For the control group, arousal was correlated with SCR fre,
) and the
quency in both the VR task (
Stroop task (
,
).
For the stroke group, arousal was correlated with SCR fre,
), with final skin
quency in the VR task (
,
) and with
temperature in the Stroop task (
mean SCL in the physical control task (
,
).
G. Correlations—Valence and Physiology
For the control group, valence was correlated with SCR fre,
) and borderline significantly corquency (
related with mean respiratory rate (
,
) in the
VR task. It was not significantly correlated with any physiological parameter in either the Stroop task or the physical control
task.
For the stroke group, valence was correlated with final skin
,
). In the Stroop
temperature in the VR task (
,
task, it was correlated with mean respiratory rate (
) and respiratory rate variability (
,
). It was not significantly correlated with any physiological
parameter in the physical control task.
H. Correlations—Performance, Work, and Physiology
For the control group, the percentage of caught balls in the
VR task was correlated with the RMSSD measure of heart rate
,
). There was no significant
variability (
correlation between total work and physiology in the VR task.
In the Stroop task, mean answer time was correlated with res,
). In the physpiratory rate variability (
ical control task, total work was correlated with SCR frequency
,
).
(
For the stroke group, mean SCL in the VR task was correlated
,
with the percentage of balls placed into the basket (
) and total work (
,
). In the Stroop
,
task, mean answer time was correlated with RMSSD (
) and respiratory rate variability (
,
).
IV. DISCUSSION
A. The Stroop Task
In the Stroop task, where no physical activity was required,
the expected responses to a cognitive task were noted in both

the stroke and control groups: increased SCL (Fig. 5) [12], increased SCR frequency [15], [16], decreased final skin temperature (Fig. 6) [18], increased mean heart rate (Fig. 7) [11], [12],
decreased heart rate variability [11], [13] and increased mean
respiratory rate [11] relative to baseline.
There was a significant main effect of group on physiological responses. The stroke group showed higher mean heart rate
and lower SDNN than the control group during both baseline
and task periods, confirming the results of previous studies that
have found increased heart rate [31] and decreased heart rate
variability [20] after stroke.
In the comparison of physiological parameters between
baseline and task, there was also a significant interaction effect.
No decrease in final skin temperature from baseline to task
was noted in the stroke group (Fig. 6), and the control group
showed a larger increase in mean heart rate than the stroke
group (Fig. 7). This shows that the stroke group exhibits different physiological responses even to a cognitive task with no
physical activity.
B. Comparison of Relative Values Between Tasks
Mean SCL was the only parameter that showed a significant
difference between the physical control task, the normal VR
task, and the harder VR task (Fig. 5). Additionally, it showed no
significant effect of group or group-task interaction. Since skin
conductance is a well-documented indicator of arousal [12],
[15], [16] and also showed large, rapid changes in response to
our tasks (Figs. 2 and 5), it seems to be the most effective indicator of arousal in virtual rehabilitation. However, another question needs to be answered to ensure reliability. Since the harder
VR task was always performed after the normal VR task, was
there an influence of task order? In other words, would SCL
have kept increasing even if the normal VR task had been followed by an easier task? At the end of a task and beginning of
a baseline period, SCL decreases again (Fig. 2). Additionally,
a qualitative examination of the recorded signals showed that
most subjects’ skin conductance reached a plateau within approximately a minute and then stayed at that plateau or even
decreased slowly. Such a plateau can be seen for both task periods in Fig. 2, and a slow drift can be observed for the VR task
in the same figure. However, some subjects did show a constant
rise in skin conductance throughout the VR task, so we cannot
rule out the influence of task order.
Another interesting parameter is final skin temperature,
which showed significant task-group interaction effects. In the
stroke group, it decreased from baseline during the normal VR
task but was actually higher than baseline in the harder VR task
(Fig. 6). In the control group, however, the greatest decrease was
in the harder VR task. This could be explained by a transient
nature of skin temperature changes [32]. In several subjects,
skin temperature began to return to baseline levels toward the
end of a task period, thus suggesting that skin temperature will
return to baseline after several minutes’ exposure to a constant
stimulus. This can be seen in the physical control task in Fig. 3.
The control group likely does not find the normal VR task to
be difficult (in the final informal interview, many stated that
they found it too easy) and thus shows a larger decrease in
temperature during the harder VR task where subjects need to
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focus more. The stroke group, however, is already challenged
by the normal VR task. If the harder VR task is not much more
challenging, temperature may return to baseline. On the other
hand, it is possible that the harder VR task is so difficult that
some subjects in the stroke group simply give up and no longer
try hard. This was also noted in the informal interviews.
One factor that may have blurred differences between the two
VR tasks was the verbal assistance of the occupational therapist.
In the harder VR task, the stroke group may have relied on the
therapist more than the control group. Nonetheless, it was impossible to carry out the study without the therapist’s verbal advice since several subjects in the stroke group needed guidance
to perform the task properly.
C. Correlations—Arousal, Valence, Performance, and Work
In both groups, valence was correlated with task success
(percentage of correct answers) in the Stroop task. However,
only the stroke group showed a correlation between valence
and task success in the VR task (percentage of balls placed
into the basket). A possible explanation is that the stroke group
finds the task challenging and is thus pleased by success while
the control group does not find the task difficult and is thus less
concerned about performance.
In the VR task, the stroke group’s arousal was correlated with
the percentage of balls placed into the basket. The lack of a correlation between arousal and performance in the control group
could once again be explained by the fact that control subjects
likely did not find the task to be difficult.
D. Correlations—Arousal and Physiology
Looking first at the Stroop task, which requires no physical
effort, there was a significant correlation between self-reported
arousal and SCR frequency in the control group. This is in agreement with previous studies that have found SCR frequency to
be a good indicator of arousal [15], [16]. However, there was
no significant correlation between arousal and SCR frequency
in the stroke group. There was, however, a correlation between
arousal and final skin temperature. While this is also in agreement with studies that found connections between skin temperature and cognitive workload [18], it is interesting that neither
group shows both correlations.
In the VR task, both groups showed a correlation between
arousal and SCR frequency. This raises the question of why the
stroke group showed a correlation between arousal and SCR frequency in the VR task, but not the Stroop task. Additionally,
in the physical control task, neither group showed a significant
correlation between SCR frequency and arousal. It is possible
that, during a task that requires only physical load, SCR frequency is not a good measure of arousal. Still, of all tested parameters, SCR frequency appears to be the most reliable indicator of self-reported arousal. It should thus be possible to use
it to control arousal in closed-loop biocooperative systems using
methods previously developed for other applications [15].
Mean SCL, the only physiological parameter that showed a
significant difference between the different tasks, was only correlated with arousal in the physical control task (and only for
the stroke group).
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E. Correlations—Valence and Physiology
The stroke group’s valence was correlated with mean respiratory rate and respiratory rate variability in the Stroop task
and with final skin temperature in the VR task. Evidence does
exist for connections between respiratory variability and anxiety
[33] as well as between skin temperature and anxiety [19]. However, respiratory rate has mainly been associated with arousal
and cognitive workload. Similarly, the control group’s valence
was correlated with SCR frequency, which is a documented indicator of arousal rather than valence.
Responses of the autonomic nervous system appear to be
better at indicating arousal than valence. This is to be expected.
Skin conductance is regulated exclusively by the sympathetic
branch of the autonomic nervous system and is thus poor at
distinguishing different levels of valence [14]. Connections between heart rate and valence are, at the moment, controversial
(see [14] for examples). Similarly, while some studies have reported a connection between skin temperature and tension/anxiety, others have found that skin temperature is also primarily
regulated by the sympathetic branch of the autonomic nervous
system [32] and a better indicator of arousal. Respiratory variability may be an indicator of valence, but this is a complex
issue since studies have found different respiratory variability
responses to different negative emotions (see [33] for examples).

F. Correlations—Performance, Work, and Physiology
For the control group, there was a correlation between heart
rate variability and percentage of caught balls in the VR task.
The lower the RMSSD, the more balls the subject caught. Since
decreases in heart rate variability have been linked to increased
cognitive workload [11], [13], it is probable that subjects who
concentrated harder also performed better.
Similarly, a correlation was found between the control
group’s mean answer time and respiratory rate variability in
the Stroop task. Since decreases in respiratory variability have
been linked to increased cognitive load [17], it is again likely
that subjects who focused harder were able to answer faster.
In the physical control task, the control group showed a correlation between SCR frequency and total work. This may indicate an influence of physical activity on skin conductance. Such
an influence is expected (exertion would cause sweating), but
would likely make it more difficult to separate the physiological effects of cognitive and physical load.
For the stroke group, mean answer time in the Stroop task
was also correlated with heart rate variability (RMSSD) and respiratory rate variability. The reasoning for this is identical to
the reasoning above for the control group. In the VR task, mean
SCL was correlated with the percentage of balls placed into the
basket. Although we found no significant correlation between
arousal and mean SCL, skin conductance is a known indicator
of arousal, and arousal is also significantly correlated with the
percentage of balls placed into the basket. Mean SCL was also
correlated with total work. This may also indicate an influence
of physical activity on skin conductance.
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G. Study Limitations
Three limitations of our study should be highlighted: limitations of self-report measures, lack of task order randomization,
and potential physiological effects of drugs.
First, our study found some connections between self-report measures and physiological responses that were at odds
with previous research. For instance, correlations were found
between valence and skin conductance even though skin conductance has been shown to be almost exclusively affected by
arousal. Additionally, there were some discrepancies between
physiological and self-report measures. However, these issues
are not as problematic as they may appear. Several other studies
have found only weak associations between physiological
responses and self-reported emotions [34]. Some studies even
found that subjects are sometimes not aware of their own
emotions or are simply unwilling to report them [35]. This
was noted in our study as well. Several subjects commented
that they found certain tasks to be highly engaging, but did not
report any increase in arousal on the SAM. Others reported
the same valence for the entire session despite obvious frustration and annoyance (expressed by, for example, cursing and
annoyed facial expressions). Thus, imperfect connections between self-report measures and psychophysiological responses
should be taken not only as a limitation of our study, but also as
an unavoidable facet of research in human–robot interaction.
Second, the order in which tasks were performed was not randomized. Thus, there may have been an influence of task order
on parameters such as mean SCL and final skin temperature.
While we acknowledge that a fully randomized task order would
have been preferable from a methodological viewpoint, we were
aware in advance that the number of subjects would be limited.
As stroke patients are already likely to exhibit large intersubject
variability due to impairments of cognitive and motor ability,
it was decided in the planning phase to avoid task order randomization since it would further increase variability and potentially obscure important results. The decision was thus made
for purely practical reasons.
Finally, several subjects had received drugs that may have affected psychophysiological responses. For instance, sedatives
have been shown to affect skin conductance [36]. Antiepileptics and antipsychotics may have also had an effect. There may
have been an influence of secondary stroke prevention drugs, but
since these are commonly used in stroke rehabilitation, their effects cannot be avoided and could be taken as inherent in that
subset of the population.
V. CONCLUSION
Of the examined psychophysiological measures, skin conductance appears to be the most useful for patient state assessment. Skin conductance level differentiated between the physical control task, the normal VR task, and the harder VR task
while skin conductance response frequency was correlated with
self-reported arousal for both the stroke group and the control
group. Additionally, skin conductance sensors are very easy to
use. Though some issues remain, skin conductance seems to
offer great potential for biocooperative rehabilitation robotics

and could be used to control a person’s level of arousal in closedloop systems.
Skin temperature, which is also simple to use, unfortunately
shows different responses in the stroke and control groups. It
also responds to stimuli much more slowly than skin conductance. Heart rate offers uncertain results with regard to psychophysiology, but could at least be used as a measure of physical effort (in which case, a simpler measuring method would
suffice). As evidenced by the results from the Stroop task, the
stroke group’s physiological responses are indeed influenced by
psychological activity and thus cannot be only a result of the
physical activity required for motor rehabilitation.
While correlations with self-reported arousal and differences
between difficulty levels were found, it is not certain whether
these results are repeatable. For instance, if physiological responses are affected by novelty and unfamiliarity with the task,
they may be weaker if measured a second time. This could be a
problem in therapy, which generally consists of many sessions.
Of course, since many different virtual scenarios are available
for rehabilitation, it would be possible to vary scenarios between
sessions in order to keep therapy interesting. Additionally, researchers wishing to use autonomic nervous system responses
for patient state assessment should bear in mind that these responses are reliable indicators of arousal, but that connections
with valence are uncertain. While it is possible to gauge whether
a subject is mentally active, it is harder to tell whether he or she
is feeling well. The issues of repeatability and valence measurement certainly warrant further study before psychophysiological responses are used in clinical settings.
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